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Abstract 
 
Calcium aluminate cement (CAC) is used as a protective lining to combat 
attack by microorganisms and their metabolic products on reinforced 
concrete sewer pipes.  CAC corrosion behaviour is related to the 
conversion process of the aluminate hydrates.  Full conversion can result to 
a 5-8 times increase in corrosion rate.  Hence, understanding and 
controlling the rate and the processes that affect conversion is important in 
the effective use of CAC as a mitigation strategy against the attack of 
microorganisms. 
 
This study was focussed on the role of the pozzolanic material, i.e. fly ash, 
in suppressing the conversion of CAC.  CAC mortars were prepared with 
constant water-cement ratio of 0.4 and with fly ash contents of 0%, 5%, 
and 25% weight.  To assess the effectiveness of the fly ash, CAC mortars 
were cured at high temperatures (80-100oC) in water bath to accelerate 
conversion.  Thermal analysis (TGA), X-Ray diffraction (XRD), and scanning 
electron microscopy (SEM) with integrated EDS and EBSD system were 
used to monitor the physical and mineralogical transformation of CAC 
during the conversion and leaching tests.  Our study showed that 
pozzolanic materials have negative and positive impacts in CAC. Based on 
thickness loss, addition of fly ash improved the corrosion resistance of CAC. 
This can be attributed to the increased formation of the stratlingite 
(C2ASH8) that was found to be resistant to both organic and mineral acids.  
However, analysis based on weight loss and dissolved Al metal showed that 
addition of fly ash suppresses early corrosion but later corrosion is 
increased, which is attributed to greater formation of C3AH6 and greater 
porosity. 
 
  
 
 
 
 
 
 
4 
 
Acknowledgments 
 
First and foremost, I would like to thank A/Prof Marjorie Valix for this 
opportunity to pursue this degree despite my being away from the 
academe for 18 years.  I am humbled by this offer. Thank you so much for 
believing in and trusting me and for vouching that I can complete this 
degree in 2 years.  Being a mother of 2 and at the same time fulfilling my 
duties as your Research Assistant, I must admit that doing postgraduate 
research studies was one of the toughest and most challenging phases of 
my life.  But this ride became smooth and enjoyable because of your 
unending support, patience, and understanding so I can get through with 
this.  Despite your busy schedule year in and year out, you still found the 
time to render consultations to me.   
 
I also would like to acknowledge the Australian Research Council (ARC) for 
the postgraduate research scholarship.   
 
To my beautiful family -- my husband John for allowing me to pursue this 
dream.  Thank you so much for your support, patience, and understanding.  
Two years without a stable income was not a joke!  To my 2 boys -- JohnJo 
and JoMari, I love you both. Thank you for being part of this dream. 
 
To my God, my Lord, and my Saviour Jesus Christ.  Thank You for carrying 
me through this.  Thank you so much for the strength and wisdom You 
gave me.  Without You, I am nothing.  I love you, Lord. 
  
  
 
 
 
 
 
 
5 
 
Table of Contents 
 
Declaration ...........................................................................................................2 
Abstract ................................................................................................................3 
Acknowledgments .................................................................................................4 
List of Figures ........................................................................................................8 
List of Tables ....................................................................................................... 13 
Abbreviations ...................................................................................................... 15 
1 INTRODUCTION ........................................................................................... 17 
1.1 Problem Statement .............................................................................. 17 
1.2 Research Objectives ............................................................................. 19 
1.3 Significance of the Research ................................................................. 20 
1.4 Organisation of the Thesis .................................................................... 20 
2 LITERATURE REVIEW .................................................................................... 22 
2.1 Outline ................................................................................................. 22 
2.2 Sewer Corrosion................................................................................... 23 
2.2.1 Microbially-Induced Corrosion (MIC) in Sewers ............................ 23 
2.2.2 Sequential Growth of Microorganisms and Effect of pH on their 
growth 29 
2.2.3 Acids from Gas Hydrolysis ............................................................ 30 
2.3 Calcium Aluminate Cement (CAC) ........................................................ 33 
2.3.1 Manufacture of CAC ..................................................................... 36 
2.3.2 Chemical Properties and Acid Neutralisation Capacity (ANC) of CAC
 36 
2.3.3 Physical Properties of CAC ............................................................ 39 
2.3.4 Mineralogy of CAC ........................................................................ 40 
2.3.5 Chemistry of Hydration and Conversion of CAC ............................ 41 
2.3.6 Effect of Conversion on CAC Mineralogy and Physical Properties .. 54 
2.3.7 Effect of Conversion on the Corrosivity of CAC ............................. 58 
2.4 Chemistry of Corrosion of Cement Structures and CAC ......................... 59 
2.4.1 Mineral Acid Leaching .................................................................. 59 
2.4.2 Complexation Reaction ................................................................ 60 
  
 
 
 
 
 
 
6 
 
2.4.3 Precipitation ................................................................................. 61 
2.5 Kinetics of Corrosion of CAC ................................................................. 62 
2.5.1 Kinetic Modelling ......................................................................... 65 
2.5.2 Progress of Corrosion Based on Diffusion Controlled Reaction ...... 66 
2.5.3 Effect of Temperature on Kinetics of Corrosion ............................ 68 
2.5.4 Effect of Concentration of Reagent ............................................... 71 
2.6 Effect of Supplementary Cementitious Materials on the Conversion of 
CAC 72 
2.6.1 Types of Pozzolans ....................................................................... 74 
2.6.2 Effect of Pozzolan on the Mineralogical Transformation of Cement 
Structure 76 
2.7 Effect of Pozzolans in the Corrosion Behaviour of CAC ......................... 81 
2.8 Summary of findings from Literature Review........................................ 84 
3 EXPERIMENTAL METHODOLOGY .................................................................. 89 
3.1 Preparation of CAC Mortar Specimen ................................................... 89 
3.1.1 Water to Cement Ratio ................................................................. 89 
3.1.2 Method of Grinding and/or Mixing ............................................... 90 
3.1.3 Curing Conditions ......................................................................... 91 
3.2 Characterisation of Calcium Aluminate Cement ................................... 92 
3.2.1 Elemental Composition of CAC (XRF) ............................................ 92 
3.2.2 Porosity and Density..................................................................... 93 
3.2.3 Thermogravimetric Analysis (TGA) ................................................ 95 
3.2.4 X-Ray Diffraction (XRD) ................................................................. 96 
3.2.5 Scanning Electron Microscopy – Integrated EBSD and EDS System 98 
3.2.6 Acid Neutralising Capacity (ANC) ................................................ 100 
3.3 Accelerated Conversion Test for Calcium Aluminate Cement.............. 102 
3.4 Accelerated Chemical Leaching Test ................................................... 103 
3.4.1 Batch Leaching Tests and Apparatus Assessment of Corrosion ... 103 
3.4.2 Weight Loss ................................................................................ 104 
3.4.3 Thickness Loss ............................................................................ 105 
3.4.4 Surface pH .................................................................................. 106 
3.4.5 Temperature and pH of the Acid Solution ................................... 106 
  
 
 
 
 
 
 
7 
 
3.4.6 Dissolution of the Al Metal ......................................................... 106 
4 RESULTS AND DISCUSSION......................................................................... 110 
4.1 Introduction ....................................................................................... 110 
4.2 Characterisation of CAC Mortar and Fly Ash ....................................... 111 
4.2.1 Elemental Analysis of CAC Mortar and Fly Ash ............................ 112 
4.2.2 Acid Neutralisation Capacity (ANC) ............................................. 113 
4.3 CAC Hydration and Conversion........................................................... 114 
4.3.1 Reactivity of hydrated CAC to acid attack ................................... 129 
4.3.2 Accelerated Conversion of CAC................................................... 135 
4.3.3 Effect of Conversion on Porosity and Density of CAC .................. 141 
4.3.4 Effect of Conversion on Resistance of CAC to Acid Attack ........... 143 
4.4 Impact of Pozzolan Addition to Conversion of CAC ............................. 148 
4.5 Influence of Pozzolan Addition in CAC Corrosion Resistance ....... 156 
5 CONCLUSIONS AND RECOMMENDATIONS ................................................. 165 
6 REFERENCES .............................................................................................. 168 
7 APPENDICES .............................................................................................. 180 
 
 
  
  
 
 
 
 
 
 
8 
 
List of Figures 
 
FIGURE NO.  DESCRIPTION/TITLE 
   
Figure 2.1  The sulphur cycle in a sewage collection system 
   
Figure 2.2  pH ranges for the growth of 5 sulphur-oxidising 
bacteria 
   
Figure 2.3  CaO-Al2O3 Phase Diagram 
   
Figure 2.4  Composition range of calcium aluminate cement vs. 
Portland cement 
   
Figure 2.5  Microstructures of cement paster (water/cement 
ration of 0.6 cured at 40oC) at various stages of 
conversion 
   
Figure 2.6  Hydration Reactions of Monocalcium Aluminate 
   
Figure 2.7  Schematic strength development of calcium aluminate 
cements at a water cement ratio of about 0.40 
   
Figure 2.8a  Hydration scheme of CAC concretes at high w/c ratio  
   
Figure 2.8b  Hydration scheme of CAC concretes at low w/c ratio 
   
Figure 2.9  Effect of temperature on the reaction C + ½ O2  CO 
   
Figure 2.10  Effect of acid concentration on the dissolution of CuO 
   
Figure 2.11  Conversion reactions of CAC metastable hydrates to 
gehlenite 
   
Figure 2.12a  Microstructures of concretes at w/c ratio of 0.4 cured 
for 7 days at different temperatures 
   
Figure 2.12b  Microstructures of concretes at w/c ratio of 0.7 cured 
for 7 days at different temperatures 
   
Figure 2.13  Surface deterioration of concrete as a function of time 
upon immersion in strongly aggressive carbon dioxide-
containing water of 100L/g of lime solving CO2 
  
 
 
 
 
 
 
9 
 
FIGURE NO.  DESCRIPTION/TITLE 
   
   
Figure 3.1  The ball mill used in grinding the CAC-pozzolan 
blended specimens 
   
Figure 3.2  The water bath used in curing the cylindrical core 
samples 
   
Figure 3.3  Perkin Elmer® TGA 4000 used for the thermal analysis 
of the specimens 
   
Figure 3.4  XRD Siemens D5000 
   
Figure 3.5  Signal generation in the SEM 
   
Figure 3.6  SEM instrument Zeiss ULTRA plus 
   
Figure 3.7  Universal Flat Bed Shaker used for the ANC test of the 
specimens 
   
Figure 3.8  Weighing Balance used in determining weight loss of 
corroded CAC and CAC-Pozzolan blended specimens 
   
Figure 3.9  The vernier calliper used in measuring the thickness 
lost by corroded CAC and CAC-Pozzolan blended 
specimens at different times 
   
Figure 3.10  Lay-out of optical system for ICP-AES 
   
Figure 3.11  ICP Atomic Emission Spectrometer Series Varian 720-
AES 
   
Figure 3.12  Auto Dilutor device used for 1000X dilution of samples 
for ICP-AES analysis 
   
Figure 4.1  Acid Neutralisation Capacity (ANC) of CAC 
   
Figure 4.2  Differential Thermal Analysis of CAC mortar cured at 
various periods of time 
   
Figure 4.3  Resolved peak areas of DTG of CAC hydrated at 21oC 
for 1 day and at 30oC in water for 2, 7, and 28 days 
  
 
 
 
 
 
 
10 
 
FIGURE NO.  DESCRIPTION/TITLE 
   
   
Figure 4.4  X-ray Diffraction Patterns for CAC hydrated at 21oC for 
day 1 and at 30oC for 2, 7, and 28 days. 
   
Figure 4.5  Comparison of Intensities (y-axis) and Theta () 
spacing for CAH10 and C2AH8 hydrates in CAC hydrated 
at 30oC for 2 and 28 days. 
   
Figure 4.6  Comparison of Intensities (y-axis) and Theta () 
spacing for C3AH6 hydrates in CAC hydrated at 21
oC 
for day 1 and at 30oC for 2, 7, and 28 days. 
   
Figure 4.7  Comparison of Intensities (y-axis) and Theta () 
spacing for C2ASH8 hydrates in CAC hydrated at 21
oC 
for day 1 and at 30oC for 2, 7, and 28 days. 
   
Figure 4.8  Scanning electron microscope: a) image of CAC 
partially converted and b) EBSD analysis of white 
boxed area. 
   
Figure 4.9  DTG of partially converted CAC in 50g/L H2SO4 and 
Citric Acid 
   
Figure 4.10  Resolved peak areas of DTG of partially converted CAC 
corroded in 50g/L of H2SO4 at 30
oC  
   
Figure 4.11  Resolved peak areas of DTG of partially converted CAC 
corroded in 50g/L of citric acid at 30
oC 
   
Figure 4.12  Comparison of Intensities (y-axis) and Theta () 
Spacing for CAC corroded in 50 g/L of H2SO4 and citric 
acids at 30oC 
   
Figure 4.13  Differential Thermal Analysis of CAC converted at 30oC 
for 28 days and at 100oC for 2 hours  
   
Figure 4.14  Curve-fitting analysis of converted component phases 
from DTG of converted CAC at 30oC in water for 28 
days and at 100oC in water for 2 hours. 
   
Figure 4.15  X-Ray Diffraction Patterns for partially converted CAC 
  
 
 
 
 
 
 
11 
 
FIGURE NO.  DESCRIPTION/TITLE 
   
(30oC, water, 28 days) and converted CAC (98-100oC, 
water, 2 hours) 
   
Figure 4.16  Scanning electron microscope: a) image of CAC 
converted and b) EBSD analysis of white lined area 
   
Figure 4.17  Effect of Conversion on Thickness Loss of CAC in 50 
g/L H2SO4  at 30
oC 
   
Figure 4.18  Effect of Conversion on Thickness Loss of CAC in 50 
g/L Citric Acid at 30oC 
   
Figure 4.19  Effect of Conversion on Weight Loss of CAC in 50 g/L 
H2SO4 at 30
oC 
   
Figure 4.20  Effect of Conversion on Weight Loss of CAC in 50 g/L 
Citric Acid at 30oC 
   
Figure 4.21  Effect of Conversion on Al metal dissolution of CAC in 
50g/L H2SO4 at 30
oC 
   
Figure 4.22  Effect of Conversion on Al metal dissolution of CAC in 
50 g/L Citric Acid at 30oC 
   
Figure 4.23  DTG of converted CAC added with 5% and 25% Fly Ash 
   
Figure 4.24  Curve fitting analysis of converted component phases 
from DTG of converted CAC with fly ash pozzolan. 
   
Figure 4.25  X-Ray Diffraction Patterns for 5% and 25% Fly Ash 
Addition to Converted CAC 
   
Figure 4.26  Scanning electron microscope: a) image of CAC + 5% 
fly ash converted and b) EBSD analysis of (a). 
   
Figure 4.27  Effect of pozzolan addition on thickness loss of 
converted CAC in 50g/L H2SO4 at 30
oC 
   
Figure 4.28  Effect of pozzolan addition on thickness loss of 
converted CAC in 50g/L Citric Acid at 30oC 
   
  
 
 
 
 
 
 
12 
 
FIGURE NO.  DESCRIPTION/TITLE 
   
Figure 4.29  Effect of pozzolan addition on weight loss of 
converted CAC in 50g/L H2SO4 at 30
oC 
   
Figure 4.30  Effect of pozzolan addition on weight loss of 
converted CAC in 50g/L citric acid at 30oC 
   
Figure 4.31  Effect of pozzolanic addition on % Al metal dissolved 
in converted CAC in 50 g/L H2SO4 at 30
oC 
   
Figure 4.32  Effect of pozzolanic addition on % Al metal dissolved 
in converted CAC in 50 g/L Citric Acid at 30oC 
  
  
 
 
 
 
 
 
13 
 
List of Tables 
 
Table No. Description/ Title 
  
Table 2.1 Hydrolysis reactions of gases and resulting acids 
  
Table 2.2 Mechanism of CAC degradation at various pH ranges 
  
Table 2.3 Densities of cement materials 
  
Table 2.4 Composition range of calcium aluminate cement  
  
Table 2.5 Thermal Decomposition of calcium aluminate hydrates 
  
Table 2.6 Rate of conversion with a dark grey/black CAC pastes at 
w/c ratio 0.27 for various temperatures 
  
Table 2.7 Effect of water/cement ratio for dark grey/black CAC 
pastes on the rate of conversion 
  
Table 2.8 Effect of relative humidity on the degree of conversion 
of dark grey/ black CAC  pastes cured at 50oC  
  
Table 2.9 Minerals formed during early hydration of dark 
grey/black CAC with water/cement ratio 0.27 
  
Table 2.10 Decomposition temperatures for hydrates of CAC 
  
Table  3.1 Pozzolan composition and curing temperatures for 
CAC-pozzolan blends 
  
Table 3.2 Composition of ANC samples 
  
Table 3.3 Experiment Matrix for accelerate chemical leaching test 
for CAC 
  
Table 3.4 ICP Standards Used in the Study 
  
Table 4.1 Chemical Composition of CAC Mortar and Fly Ash 
  
Table 4.2 Decomposition Temperatures of CAC hydrates 
  
  
 
 
 
 
 
 
14 
 
  
Table 4.3 Deconvoluted Peak Areas of CAC Hydrates based on 
Levenberg-Marquardt Method of CAC hydrated for 1 
day at 21oC, and for 2, 7, and 28 days at 30oC 
  
Table 4.4 Phase fraction analysis of CAC cured for 28 days at 30oC 
  
Table 4.5 Deconvoluted Peak Areas based on Levenberg 
Marquardt Method of Uncorroded CAC and CAC 
corroded in 50 g/L of H2SO4 at 30
oC 
  
Table 4.6 Deconvoluted Peak Areas based on Levenberg-
Marquardt Method of Uncorroded CAC and CAC 
corroded in 50 g/L of  Citric Acid at 30oC 
  
Table 4.7 Deconvoluted Peak Areas of CAC Hydrates based on 
Levenberg-Marquardt Method of CAC hydrated for 28 
days at 30oC and for 2 hours at 100oC 
  
Table 4.8 Phase fraction analysis of converted and partially 
converted CAC 
  
Table 4.9 Effect of Conversion on the Porosity and Density Values 
of Calcium Aluminate Cement 
  
Table 4.10 Deconvoluted Peak Areas of CAC Hydrates based on 
Levenberg-Marquardt Method of Converted CAC 
Added with Different Concentrations of Pozzolan 
(Specimens were cured at 98-100oC for 2 hours) 
  
Table 4.11 Phase fraction analysis of converted with 0% fly ash and 
with 5% fly ash 
  
Table 4.12 Porosity and Density Values of CAC and CAC with Fly 
Ash Converted at 100oC for 2 hours (w/c=0.4) 
  
 
 
 
 
 
 
15 
 
Abbreviations 
 
ACMM Australian Centre for Microscopy and 
Microanalysis 
AH3 Gibbsite, Al(OH)3 
Al Aluminium 
ANC Acid neutralising capacity 
ASTM American Society for Testing and Materials 
BSE Back scattered electron 
C2AH8 Mayenite, Ca2[Al(OH)4].[Al(OH)6].3H2O 
C2ASH8 Gehlenite, Ca2Al(AlSi)O7 
C3AH6 Katoite, Ca3[Al(OH)6]2 
Ca Calcium 
CAC Calcium aluminate cements 
CAH10 Ca[Al(OH)4]2.6H2O 
Cal Calcareous aggregate cements 
Dc Degree of conversion 
DTA Differential Thermal Analysis 
DTA Derivative Thermal Analysis 
EBSD Electron backscatter diffraction 
EDS Energy dispersive spectroscopy 
FA Fly ash 
GBFS Granulated blast furnace slag 
HAC High aluminate cement 
ICP-AES Inductively Couple Plasma Atomic Emission 
Spectroscopy 
LM Levenberg-Marquardt 
MIC Microbially induced corrosion 
NB Nitrifying bacteria 
PP Polypropylene 
  
 
 
 
 
 
 
16 
 
PSD Particle size distribution 
SCM Supplementary cementitious material 
SEM  Scanning Electron Microscopy 
SF Silica fume 
SOB Sulphide oxidising bacteria 
SRB Sulphide reducing bacteria 
SSD Saturated surface dry 
TGA Thermogravimetric Analysis 
UNSW University of New South Wales 
USEPA United States Environmental Protection Agency 
W/C Water-cement ration 
XRD X-ray diffraction 
XRF X-ray fluorescence Spectroscopy 
 
 
 
  
  
 
 
 
 
 
 
17 
 
1 INTRODUCTION 
 
1.1 Problem Statement 
 
What is the problem?  Corrosion in sewer concrete pipes has drawn much 
attention to researchers and industry players alike.  Almost industrial 
sectors, such as utilities, manufacturing, refineries, and road 
infrastructures, among others are greatly affected by the problem of 
corrosion.  In Australia alone, the water industry spends about $600M 
annually (between 3%-5% value of the asset) for sewer pipe maintenance.  
As it is such a massive spending, rehabilitation of the sewer has been 
proposed through application of protective coating systems such as 
polymeric phase materials (e.g. epoxy-mortar, epoxy, polyurethane, etc.) 
and cement-based linings such as calcium aluminate cements (CACs) and 
calcareous aggregate cements (Cal).  However, the mechanism of the 
degradation of these coatings, particularly that of CAC, still needs to be 
understood. 
 
What causes the problem?  As domestic wastewater is transported to 
wastewater treatment plants in concrete pipes, it generates hydrogen 
sulphide (H2S). Its low solubility results to it being released to the 
headspace of the pipes where it is eventually oxidised to sulphuric acid 
(H2SO4) by sulphide oxidising bacteria (SOB).    Moreover, fungi exist in the 
sewer wall of the headspace that will produce strong carboxylic acids, 
which is then responsible for chelating metals from the concrete structure.   
However, not only SOB and fungi act in the sewer pipes.  Other 
microorganisms such as sulphur-reducing bacteria (SRB), heterotrophic 
bacteria, and nitrifying bacteria that produce biogenic acids, all contribute 
to corrosion thru their sequential growth in the sewer as affected by 
interactions of environmental pH, moisture, and nutrients.   This 
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phenomenon in deterioration of concrete or cement lining in sewer pipes is 
aptly called microbiologically induced corrosion (MIC).  The details of this 
phenomenon need to be recognised and understood.  
 
How has it been resolved and with what success?  Efforts have been 
undertaken to protecting the sewer infrastructure.  One of these is sewer 
rehabilitation thru use of rehabilitation alternatives.  Examples of these are 
pipe lining, coating, chemical and cement grouts, and robotics.  Pipe lining 
process involves restoring the pipe’s structure thru insertion of a lining 
(Abraham and Ali Gillani 1999, Scrivener 2003).  Grouting is a process of 
sealing leaking joints and circumferential cracks in existing sewer lines 
using different grout material such as acrylamide gel, acrylic gel, acrylate 
gel, urethane gel, and polyurethane foam (Garcia, Abraham et al. 2002).  
Coatings, which are protective polymer and cementitious layer, are 
employed on existing pipes for protection against corrosion. Robotic 
rehabilitation utilises robot machinery to repair isolated cracks and 
defective joints inside sewer lines.  This study will look into the coatings, 
specifically that of the cementitious layer, for sewer rehabilitation. 
 
Cementitious coatings contain cement that acts as a bonding agent for 
better adhesion to the surface.  Examples of cementitious coatings are 
calcium aluminate cement (CAC) and calcareous aggregate cement.  CAC is 
also known as a specialist or “high performance” cement because of its 
ability to resist aggressive acidic environment, high temperatures and 
abrasive environment.  Though “high performing” it may seem, CAC still 
undergoes biodegradation which is primarily attributed to complex 
microbial activity and the nature of corrodents generated in the sewer 
environment.   The deterioration of concrete or cement lining is recognised 
to result from microbiologically induced corrosion (MIC).  Various 
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microorganisms, including heterotrophic and chemolithotropic bacteria 
and fungi, grow in the sewer. Hence, the degradation of CAC involves a 
series of reactions such as acidolysis, hydrolysis, complexation, and 
precipitation resulting from MIC.  Also (Valix 2008) mentioned that during 
its hydration at ambient conditions, CAC produces hexagonal hydrated 
calcium aluminates CAH10 (Ca[Al(OH)4]26H2O)and C2AH8 (2CaO.Al2O3.8H2O) 
which, when converted to a cubic form C3AH6 (3CaO.Al2O3.6H2O)  
decreases CAC’s strength, thus making CAC more susceptible to acid 
leaching.  This particular hydrate is generated at 70°C, but all the other 
phases will inevitably convert to this. 
 
To address the aforementioned issue, the use or addition of pozzolans into 
the CAC mixture is proposed.  Pozzolans have the ability to improve the 
properties of CAC by reducing the conversion of CAC hydrates and 
increasing its strength.  Reaction of pozzolan with CAC that avoids the 
conversion of CAC hexagonal hydrated phases has been proposed to occur 
through the reaction of the silica content of the mineral addition with 
calcium aluminates.  This prevents the formation of the hexagonal form 
C2AH8 and subsequently the conversion to cubic form C3AH6 
(3CaO.Al2O3.6H2O).  Instead, a hexagonal aluminate hydrate-containing 
silica (Ca2Al2SiO7) called gehlenite is formed (Valix 2008). 
 
1.2 Research Objectives 
 
This study aims to investigate the effect of pozzolanic materials in the 
mineralogy in the corrosivity of calcium aluminate cements.  The specific 
objectives are: 
 
  
 
 
 
 
 
 
20 
 
 To establish the relative reactivity of stable and metastable CAC 
hydrates and the effect of  CAC conversion on CAC corrosion 
resistance.   
 To establish pozzolanic effect on CAC conversion 
 To study pozzolanic effect on CAC corrosion  
 
1.3 Significance of the Research 
 
The outcomes from this study would contribute to the development of 
science and database that can be used by water and wastewater industry 
stakeholders, specifically for the rehabilitation and maintenance of water 
assets and infrastructures.  As well, it will provide models in predicting the 
service life of blended cement coating. 
 
1.4 Organisation of the Thesis 
 
This thesis is divided into five major sections, namely, Introduction, 
Literature Review, Experimental Methodology, Results and Discussion, and 
Conclusions. 
 
Chapter 1 (Introduction) provides a description of the problem, its cause, 
and previous work done to resolve the problem. It also contains a brief 
assessment of said resolutions and their identified gaps.  The objectives 
and significance of the research also have been described in this chapter. 
 
Chapter 2 (Literature Review) gives a detailed and comprehensive 
background of the topic, methods and past related findings by researchers 
and  subject matter experts. 
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Chapter 3 (Experimental Methodology) is devoted to experimental 
techniques and methods used to substantiate the hypothesis of this study.  
Included also in this section are the validity and limitations when 
experiments are conducted.  
 
Chapter 4 (Results and Discussion) presents the outcome of the study, with 
numerical and qualitative results explained.  These results are those 
obtained from utilisation of scientific instruments such as TGA, XRD, ICP-
OES, SEM, and MicroCT.  A stepwise method of how the numerical results 
were obtained is also provided (e.g. curve-fitting for kinetics of corrosion). 
 
Finally, Chapter 5 (Conclusions) ties up with Chapter 4, outlining significant 
results answering the research questions.  It also presents suggestions for 
further studies.   
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2 LITERATURE REVIEW 
 
2.1 Outline 
 
A literature review is a description of the literature relevant to a particular 
field or topic. Likewise, it is a combination of past findings and information 
from relevant researches and their respective analyses.  In Section 2.2, an 
overall description of sewer corrosion is provided, alongside a detailed 
review of the major cause of corrosion, i.e. microbially-induced corrosion 
(MIC).  Further, this section explains the various types of microorganisms 
found in the sewers, which undergo complex microbial activities that 
produce biogenic acids from gas hydrolysis that result to such corrosion in 
sewer pipes.    
 
Section 2.3 contains a thorough discussion and review of the calcium 
aluminate cement (CAC), including its physical and chemical properties, 
including acid neutralising capacity (ANC), mineralogy, manufacturing 
process, the different types of CAC, the hydration process CAC undergoes, 
the chemistry of corrosion of CAC. 
 
Section 2.4 explains the kinetics of corrosion of calcium aluminate cement 
(CAC), with emphasis on the different mathematical models that can be 
used to predict the life of CAC as coating in sewer pipes. 
 
The effect of pozzolan on the conversion of calcium aluminate cements is 
clearly defined in Section 2.5.  In this particular section, different types of 
pozzolans were tackled, followed by the pozzolanic effect on CAC’s 
mineralogical transformation, and on the corrosive behaviour of CAC. 
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2.2 Sewer Corrosion  
 
2.2.1 Microbially-Induced Corrosion (MIC) in Sewers 
 
Deterioration or corrosion of concrete or cement lining in sewers is an 
inevitable phenomenon and is recognised to result from microbially-
induced concrete corrosion (Satoshi Okabe 2006, Valix 2008). Various 
microorganisms, including heterotrophic and chemolithotropic bacteria 
and fungi grow in the sewer (Parker 1951). However, only microorganisms 
such as sulphur-reducing bacteria (SRB) (example is Thiobacillus species), 
sulphur-oxidising bacteria (SOB), and nitrifying bacteria (NB)  are linked to 
sewer pipe corrosion (Valix 2008).   Such is known as microbially-induced 
corrosion (MIC).  The presence of high concentrations of hydrogen 
sulphide (H2S), moisture, and oxygen present in the atmosphere are 
believed to be the “drivers” of MIC in sewer and wastewater treatment 
facilities. Such kind of environment becomes highly conducive for these 
microorganisms to produce biogenic acid via complex microbial activities.  
SRB are known to reduce sulphate groups in the sewage to give off H2S, 
whilst SOB oxidise H2S to H2SO4 in sewer crown, and NB generate HNO3.  A 
detailed explanation of their mechanisms is explained later. 
 
The initial novel work of (Parker 1951) led to a discovery that bacteria were 
involved in the corrosion process.  One of them was Thiobacillus 
concretivorus (Thioxidans) that Parker isolated from the corroded layer of 
the concrete.  The said sulphur-oxidising bacterium has the ability to 
generate sulphuric acid by the oxidation process, i.e. H2S is oxidised to 
H2SO4.  This is confirmed by the work of (Yamanaka T. 2001) and his 
colleagues where they found out that Thiobacillus neapolitanus-like 
bacterium was responsible for the said oxidation. The acid then reacts with 
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the concrete surface that leads to the conversion of the cementitious 
material into ettringite (3CaO.Al2O.3CaSO4.32H2O or tricalciumsulfo-
aluminate hydrate or CaAS3H32), and gypsum (CSH2).  Ettringite is formed at 
pH level of higher than 3 inside the concrete, whilst gypsum at pH level of 
less than 3 on the surface of the concrete sewer pipe.  Both of these cause 
deterioration of the structural support to concrete pipes (Mori, Nonaka et 
al. 1992).   
 
Other studies supporting the MIC phenomenon also emerged with other 
bacterium species also responsible in sewer corrosion such as T.  thioparus, 
T. novellus, T. neapolitamus, T. intermdius.   In their study about the 
interactions of nutrients, moisture and pH on the microbial corrosion of 
sewer pipe, (Mori, Nonaka et al. 1992) mentioned about the involvement 
of an unidentified green fungi observed to grow at high pH levels and is 
also capable to reduce the pH of those tolerable to growth of T. 
thioixidans.   
 
The following is a thorough examination of the microbial activities of 
various organisms involved in MIC: 
 
1. Sulphur-Reducing (SRB) and Sulphur-Oxidising (SOB) Bacteria 
 
Bacteria belonging to the genus Thiobacillus are known to generate 
sulphuric acid (T. Mori 1991).  These microorganisms are acidophilic, i.e. 
they can tolerate low pH of <1.0, and are therefore, play an important role 
in acid attack of materials.  
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As shown in Figure 1, there are two main steps by which both SRB and SOB 
produce the sulphuric acid in sewers.  They are sulphur oxidation and 
reduced sulphur oxidation. 
 
(a) Sulphur oxidation – this step involves the reduction of oxidised 
sulphur compounds under anaerobic conditions, to hydrogen 
sulphide (H2S) by the SRB.  These sulphur compounds include 
sulphate, thiosulphate, thionic acids, and sulphur.  SRB live in the 
biofilms or slime layers in the submerged portion of sewer pipes.  
Formation of biofilms is encouraged under anaerobic conditions, high 
strength wastewater, long retention times, extensive pumping, and 
high wastewater temperatures (Valix 2008).  As the thickness of the 
biofilm increases, the slime layer will thus be deprived of oxygen 
creating an anoxic zone.  Under this condition, the SRB will begin to 
utilise the sulphate ions (SO4-) to absorb organic matter to produce 
four forms of sulphide – sulphide (S2-), bisulphide (HS-) ions, aqueous 
hydrogen sulphide [H2S (aq)] and hydrogen sulphide gas [H2S (g)].  
Examples of SRB are Beggiatoa, Vibrio desulfuricans, Desulfovibrio, 
Desulfobulbus, Desulfomonas, Desulfobacter, Desulfococcus, 
Desulfonema, Desulfosarcina, Deslfobacterium, Thiobacilli and 
Thermodesulfobacterium.  
 
(b) Reduced sulphur oxidation – Study by Nica, Davis et al. (2000) found 
out that the gaseous form of H2S is poorly soluble in water and will 
partition into the headspace of the sewer system (see Figure 2.1).  
Governed by Henry’s Law, degree of wastewater turbulence, pH of 
the solution, and temperature, the hydrogen sulphide is released 
from the aqueous phase to the gaseous phase.  Then, the H2S 
repartitions into the condensed layer on the exposed surface of the 
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concrete and is converted to various partially-reduced sulphur.  
Under aerobic conditions and moisture, the SOB (Thiobacillus 
thiooxidan) continues the sulphur cycle by converting these reduced 
sulphur compounds into sulphuric acid (Parker 1951, Sand 1987).  
Most of the SOBs are members of the genera known as the 
“colourless sulphur bacteria” or the non-phototropic bacteria which 
includes unrelated genera.  Examples of these are Thiobacillus, 
Thiothrix, Thiomicrospira, and Beggiatoa, among others.  Among 
those Thiobacillus spp, T. thioparus, T. novellus, T. neapolitanus, T. 
intermedius,  and T. thiooxidans are the five species that are found to 
play important roles in corroding concrete (Sand 1987, Islander, 
Devinny et al. 1991, Nica, Davis et al. 2000, Satoshi Okabe 2006). 
 
 
        
Figure 2.1: The sulphur cycle in a sewage collection system (Roberts, Nica 
et al. 2002) 
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2. Heterotrophic Bacteria 
 
Co-existing with sulphur-oxidising bacteria (SOB), heterotrophic bacteria 
come in relatively similar concentrations in the sewer and play an 
important role in concrete attack because they use carbon sources, such as 
volatile organic compounds, to produce biogenic acids.  They grow at low 
pH between 1.5 to 6.2 and at high salt concentration (Sand 1987).  Satoshi 
Okabe (2006)  and fellow researchers found out, on day 42 of their 
experiment, a significant amount of non-SOB colonies (>95%), and more 
than 50% after a year, and were detected at pH 2.  Examples of 
heterotrophic bacteria are Pseudomonas, Streptomyces, Arthobacter, 
Bacillus, Flavobacter, and Micomonas (Nica, Davis et al. 2000) 
 
3. Nitrifying Bacteria  
 
Also playing a significant role in concrete sewer corrosion is the nitrifying 
bacteria that produce biogenic nitric acid.  Several scientists have found 
that this type of bacteria belonged to the genera Nitrosomonas and 
Nitrobacter.  Although nitrifying bacteria are not acidophilic neither as 
acid-resistant as the Thiobacillus strain, they and their metabolic product 
(nitric acid) are able to cause considerable damage to mineral materials 
such as concrete, natural stone, and glass.  Growth requirement of 
nitrifying bacteria is modest, as they build up their cell material by CO2-
fixation or by consuming carbon sources or trace elements.  Some of their 
sources of energy are ammonium compounds, urea, nitrite (NO2), and 
possibly NO, which has very low solubility in water, but can be oxidised to 
NO2 (highly soluble in water and forms HNO3) (Valix 2008). 
 
  
  
 
 
 
 
 
 
28 
 
4. Fungi 
 
Another important group of organism that are related to concrete 
degradation in sewers are the fungi.  They are alkalophilic heterotrophic 
microorganisms, i.e. they require a carbon substrate for their growth and 
they can tolerate high pH (9-11) (Mori, Nonaka et al. 1992).   Because of 
their ability to grow and metabolise in high alkaline environment, they play 
an important role in initiating degradation of sewer pipes.  Fungi also have 
the capacity to absorb or assimilate volatile carbon sources from the 
gaseous phase in the sewer environment.  They also have the capacity to 
produce organic acids via the Kreb cycle.    Among the acids, the most 
important are acetic, citric, malic, oxalic, and gluconic acids (Vassilev 1991).  
Organic acids may react with cementitious materials by two ways – (1) 
acidolysis of action of protons, and (2) complexation or chelation of metal 
ions.  Acidolysis happens when fungi acidify their microenvironment as a 
result of its extraction of protons, organic acids, and from the formation of 
carbonic acids resulting from respiratory CO2 (Burgstaller and Schinner 
1993).  As well, fungi has the ability to extract metal-complexing 
metabolites which are associated with complexolysis or ligand-promoted 
dissolution, which include carboxylic acids, amino acids, siderophores, and 
phenolic compounds (Manley 1986).  Fungal-derived carboxylic acids with 
strong chelating properties (e.g. oxalic and citric acids) perform an 
aggressive attack on mineral surface (Gadd 1999). Because fungi require 
carbon sources, these organisms will etch and extend their fungal hyphae 
into the interior of the concrete to reach carbon sources.  This process 
results in an enlargement of the damaged areas and increased porosity of 
the structure (Valix 2008).  
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2.2.2 Sequential Growth of Microorganisms and Effect of pH on their 
growth 
 
The presence of various microorganisms and environmental pH encourage 
microbial activities in the sewer.  In a work together with colleagues, (Mori, 
Nonaka et al. 1992, Gu, Ford et al. (1998)) reported that bacterial 
organisms are responsible for the degradation of concrete in the natural 
system.  As shown in Figure 2.2, the degradation of concrete involved a 
succession of various Thiobacillus species such as T. thioparus, T. novellus, 
T. intermedius, T. neapolatinus, and T. thiooxidans.  The first four species 
mentioned are neutrophilic sulphur-oxidising bacteria (SOB) which grow in 
neutral environment, whereas T. thiooxidans are an acidophilic SOB, which 
grow in an acidic environment (Islander, Devinny et al. 1991, Mori, Nonaka 
et al. 1992, Vincke, Boon et al. 2001).  Figure 2 further shows that fungi 
play an important role in neutralising cementitious pH from 14 to 9.  At pH 
9, it has been suggested that neutrophilic species T. thioparus begins the 
oxidation of thiosulphate, then followed by T. novellus, T. intermedius, and 
T. neapolitanus (Islander, Devinny et al. 1991).  The attachment and 
colonisation of these pioneer species on the concrete surface are 
responsible for the accumulation of acidic products, elemental sulphur, and 
polythionic acid, and nutrients that are important in the establishment of 
suitable growth environment for the subsequent emergence of the 
acidophilic SOB T. thiooxidans (Satoshi Okabe 2006).  At pH 5, T. 
thiooxidans will produce sulphuric acids at a rate determined by both the 
pH of the concrete layers and the presence of sulphur substrate (Roberts, 
Nica et al. 2002) 
 
Diercks, Sand et al. (1991) in their work found out that the growth of 
neutrophilic species is inhibited by the decline in pH.  As such, T. 
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thiooxidans and other acidophilic heterotrophs and fungi (which are 
capable of using the excreted organic waste products from T. thiooxidans) 
become the dominant microorganisms on the surface of the concrete.  
Furthermore, Islander, Devinny et al. (1991) reported that if the growth of 
the aforementioned microorganisms is not limited by the availability of 
mineral nutrients or sulphur substrates, acid production will be equal or 
balanced by acid neutralisation and washout.   A value of pH below 0.5-1 
had been detected under such conditions.  Because of the neutralisation 
reaction between the concrete constituents and sulphuric acid, and the 
limitation of microbial activity at pH 1, pH measurements alone is 
considered to be an inappropriate indicator of material corrosion.   
 
 Figure 2.2: pH ranges for the growth of the 5 sulphur-oxidising 
bacteria (Islander, Devinny et al. 1991)  
 
2.2.3 Acids from Gas Hydrolysis 
 
There are other sources of acids in the sewer that can arise from the 
hydrolysis of gases such as SO2, NO2, and CO2.  These gases are present in 
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the headspace of the sewer and are generated by the metabolic activities 
in the sewer, primarily from biofilms that are submerged in the liquid 
phase (Valix 2008).  All organisms produce CO2 as an end product of their 
metabolism.  The Table 2.1 shows equations as to hydrolysis reactions of 
gases and their resulting acidic products. 
 
Table 2.1: Hydrolysis Reactions of Gases and Resulting Acids 
Gas Chemical Equation Acidic Products 
Sulphur dioxide (SO2) 
SO2 (g) + H2O (l) 
Sulphurous Acid H2SO3 
(aq)  
2SO2 (g) + O2 (g) Sulphur trioxide SO3 (g) 
SO3 (g) + H2O (l) 
Sulphuric Acid H2SO4 
(aq) 
Nitrogen dioxide (NO2) 2NO2 (g) + H2O (l) 
Nitrous Acid HNO2 (aq) 
Nitric Acid HNO3 (aq) 
Carbon dioxide (CO2) 
CO2 (g) + H2O (l) 
 
Carbonic Acid H2CO3 
(aq) 
Note: this partially 
dissociates because it is 
a weak acid 
 
Though most of the aforementioned acids are considered weak acids, their 
damaging corrosive effects on concrete materials are well established 
(Rodrigues, Costa et al. 2000). Since the generation of these gases in the 
sewer are independent of organism activity, these acids are likely to play 
an important role in degradation of calcium aluminate cements under 
conditions that will not support organism growth (e.g. when pH of CAC is 
very alkaline (~14) and when CAC begins to dissolve below pH 4).  Sand 
(1987) mentioned that the carbonation reaction (involving H2CO3) with CAC 
will generate CaCO3, resulting to decrease in alkalinity from 12.5 to 8.5.  
Such pH value will suffice the growth of neutrophilic organisms.  
 
Valix (2008), in an intensive work on the calcium aluminate cement, found 
out that the degradation of CAC will occur as a result of the acid generated 
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by gas hydrolysis and microbial activity, as well as salt and biofilm stresses.  
The effect of each stress factor is dependent on the pH of CAC, degree of 
aeration in the sewer liquid phase and moisture content.  The different 
stages of said degradation are therefore divided into various pH values as 
shown by Table 2.2. 
 
Table 2.2: Mechanism of CAC degradation at various pH ranges  (Valix 
2008) 
pH range Phenomenon/Activity and Result 
11 - 14 No microbial activity at this pH.  The 
main corrodents will be the 
hydrolysis gases such as H2SO4, 
H2SO3, HNO3, HNO2, CO2/H2CO3).  
Carbonation reaction can drop the 
pH to 8.5, which is sufficient for 
growth of neutrophilic bacteria 
9.0 - 11 Fungal activity will occur. At this 
stage, both the mineral acids 
generated by the hydrolysis gases 
and organic acids from the fungi will 
be present.  The combination of 
both acids will have detrimental 
effect on CAC dissolution as both 
acid dissolution and the 
complexation to highly soluble 
metal complex products will form.  
Complexes will restrict the 
formation of Al(OH)3 and thus the 
passivation of CAC surface.  The 
weight loss of CAC, however, will 
depend on the amount of organic 
acid generated.  This pH does not 
promote significant organic acid 
production. 
4.0 - 9.0 Both fungi and neutrophilic bacteria 
will be present.  At this stage, the 
acids generated will include those 
from hydrolysis gases, organic acids 
from fungi, and sulphuric acid from 
neutrophilic bacteria.  CAC reactions 
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pH range Phenomenon/Activity and Result 
that are most likely to proceed will 
include acid dissolution, 
precipitation, and complexation.  
The extent of dissolution is likely to 
be higher because mineral acids will 
be generated by both hydrolysis 
reaction and bacterial activity.  At 
this pH, organic acid production is 
promoted.  There will be the 
formation of aluminium complexes 
from these organic acids, and thus 
passivation of CAC surface will 
occur.  The stability of the dissolved 
Al complex will have nil toxic effect 
on the organisms. 
0.9 – 4.0 Acidophilic sulphur-oxidising 
bacteria (SOB) will proliferate, 
whilst neutrophilic will die down.  
Hence, at this pH, sulphuric acid 
from the acidophilic SOB, hydrolysis 
gases, and organic acids from fungi 
(growth is limited below pH 2.0) will 
be present.  Monomeric Al3+ will 
from and is likely to have a toxic 
effect on the organisms growing on 
the CAC.  This, however, will be 
balanced the Al complex and by the 
tolerance development of the 
organism.  As such, it is anticipated 
that the dissolution at this stage is 
likely to slow but eventually 
escalate. 
 
2.3 Calcium Aluminate Cement (CAC) 
 
Considered as the most important type of non-Portland cement, calcium 
aluminate cement (CAC) is popularly known as a specialist or “high 
performance” cement (Valix 2008).  CAC has a wide range of applications in 
the construction industry, and as a sacrificial protective lining against 
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corrosive environment because of its ability to gain early strength and its 
resistance to aggressive chemical environments and temperatures 
(Scrivener, Cabiron et al. 1999); (Chotard, Gimet-Breart et al. 2001). 
Further, CAC has the property of normal cementitious material, i.e. it can 
be cast in place, changing from a flowing liquid to a hard solid at ambient 
temperatures. Its special properties include rapid hardening, and 
resistance to impact and abrasion (Scrivener 2003).  
 
As a rule of thumb, the reactivity of CAC increases as the lime (CaO) 
content increases, with C3A as the most reactive of these compounds.  This 
is because the dissolution and recrystallisation of compounds is faster for 
those with higher lime content.  As earlier mentioned, the refractory 
characteristic of CAC is mainly attributed to higher alumina (Al2O3) content 
(see Figure 2.3 below with phases on the right have high melting point). 
   
 
Figure 2.3:  CaO-Al2O3 Phase Diagram (Lind and Holappa 2010) 
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There are two major types of calcium aluminate cements: 
1. The “normal product”, which is dark grey or black in colour, and 
its application is suitable over a wide range of temperature range; 
and 
2. The white varieties that are utilised mainly for refractory 
purposes at high temperatures and sometime for aesthetic / 
decorative purposes. 
 
Chemically, the two types are broadly similar in their main cementing 
behaviour, the white CAC has more alumina (as calcium dialuminate or 
CA2), whilst the dark grey or black CAC has more iron-containing phases.  
Total K2O + Na2O quantities for dark CAC should be lower than 0.4% for 
optimum performance. White CAC, on the other hand, has alkali limits of 
between 0.5 and 0.7 maximum. The high alkalinity characteristic of white 
CAC is attributed to the purer white grades of bauxite used in CAC 
manufacture.  As to SO3 levels, dark grey or black CAC contain 0.02-0.07% 
SO3, whilst white CACs have 0.03% SO3.  These low sulphate levels are 
beneficial from the point of view of CAC’s resistance to sulphate attack 
(Bensted 2002) 
 
Because CAC is four to five times more expensive than Portland cements, it 
is not economical to apply them as simple substitutes.  CAC’s special 
properties as mentioned above could be greatly achieved if used in 
significantly aggressive environments such as refractory concrete in steel 
making, hydraulic dams where abrasion is significant, and as coating of 
sewer pipe networks, where sulphuric acid generation by bacteria is a 
problem (Scrivener, Cabiron et al. 1999).  Though CAC has been accepted 
as a popular material in sewer infrastructure because of its 
aforementioned special characteristics, CAC’s susceptibility to and the 
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mechanisms of its corrosion in sewer pipe networks are of interest in this 
review.   
 
2.3.1 Manufacture of CAC 
 
Fusion and sintering are the two main methods used in manufacturing 
calcium aluminate cements.  Fusion is employed for producing dark grey/ 
black CAC, whilst sintering for the white CAC.   
 
Dark grey/black CAC is produced by fusing a mixture of calcium carbonate 
(normally limestone) and ferruginous bauxite to completion in 
reverberatory furnaces at 1500-1600°C.  The molten product is poured out 
of a tap hole at the base of the furnace onto moving pans or trays and 
cooled down in a slow manner.  The clinker produced is then crushed in 
ball mills to the required surface area.  Only water is permitted to be added 
sequentially to clinker.  Pulverisation can be achieved through the help of 
some grinding aids (Bensted 2002). 
 
White CAC is manufactured from selected purer raw materials (both 
limestone and bauxite) than for grey CAC.  For production of different 
grades of white CAC, variations in the ratio of limestone to bauxite are 
employed.  These white CACs are produced in small kilns with fuel oil firing 
in order to avoid contamination of the white product (Bensted 2002).   
 
2.3.2 Chemical Properties and Acid Neutralisation Capacity (ANC) of CAC 
 
Like Portland cements, calcium aluminate cements (CACs) contain the 
oxides of calcium, silicon, aluminium and iron.  However as shown in Figure 
2.4, the composition of these oxides is distinct.  Figure 4 shows the 
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approximate zone of compositions of CAC within the CaO-SiO2-Al2O3 
system along with the composition zones of Portland cement and of blast 
furnace slag.  
 
Figure 2.4: Composition range of calcium aluminate cements vs. 
Portland cements (Scrivener 2003) 
 
 
The lime-alumina ratio (CaO: Al2O3) ranges from 1 to 1.67.  The refractory 
requirements of concrete are owed to the higher alumina content of 40-
80% in CAC.   The higher alumina content grades come relatively from pure 
raw materials (metallurgical alumina and lime) that make CAC more 
expensive than Portland cement.  The refractory characteristic of CAC is 
mainly attributed to Al2O3. 
 
The acid neutralising capacity (ANC) is a measure of the amount of base 
present that can accept hydrogen ions (H+) from a strong acid.  It is the 
capacity of a component to resist reduction in pH.  It was in mid-1980s 
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when ANC for cement pastes was first investigated.  It involved plotting the 
steady state pH versus the quantity of acid added to a series of ground 
samples to obtain a titration curve (Glass and Buenfeld 1999).  It is a tool 
used to investigate the leaching resistance of cements. Though cement has 
the ability to resist a fall in pH that affects leaching, it is also one of the 
most important inhibitive properties affecting carbonation and the 
quantity of chloride required to initiate corrosion.  ANC is recognised as a 
possible quantitative analytical technique that may provide information on 
cement composition of concrete.  The basis for this is that different 
hydrated phases dissolve at different pH levels (Glass and Buenfeld 1999). 
 
Alexander and Fourie (2011) noted in their experiments that CAC, as 
compared to Portland cement, has substantially superior performance 
from biogenic acid attacks. This is because in Portland cements, the 
portlandite [CH or Ca(OH)2] rapidly dissolves and opens up the porosity to 
further penetration of the acid, which attacks the concrete continuously 
over an increasing depth. Portlandite in Portland cement is the most 
reactive and completely dissociates, as shown by the chemical equation 
below: 
 
CH      +     2H+          Ca2+       +      2H2O    (Equation 2.1) 
 
Whereas CAC, when hydrated, has a two-phase response to acid where the 
initial product with a pH > 4 is insoluble and produces a barrier effect.  At 
pH > 4, acid attack of CAC leads to the dissolution of calcium component of 
the other hydrates which then further leads to the precipitation of Al(OH)3 
gel (Equation 2.2).   This gel acts as a diffusion barrier and has the ability to 
fill in the pores, thus effecting slow acid attack.   
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C3AH6    +    6H
+        3Ca2+    +    2Al(OH)3    +    9H2O         (Equation 2.2) 
 
The alumina hydrate dissolves at pH < 3.5 and neutralises more acid and 
releasing more Al3+ (Equation 3) 
 
Al(OH)3    +    3H
+  Al3+ +    3H2O                                   (Equation 2.3) 
 
Overall, the neutralising capacity of CAC can be summarised by Equation 
2.4 (Scrivener, Cabiron et al. 1999).  It shows how the progressive 
dissolution of alumina gel can provide higher degree of protection to the 
interior of the concrete given a full acid strength. 
 
C3AH6   + 2AH3  + 24H
+     3Ca2+    +    6Al3+  +  24H2O              (Equation 2.4) 
 
2.3.3 Physical Properties of CAC 
 
The specific gravity for white CAC varies from just under 3.0 to 3.25 for 
ordinary dark grey/black CAC.  Table 2.3 provides information on the 
specific gravity (relative density) of the main cement compounds of CAC. 
 
Table 2.3: Densities of CAC hydrates (Bensted 2002) 
Unhydrated CAC  Hydrated CAC  
CA 2.98 CAH10 1.72 
CA2 2.91 α-C2AH8 1.95 
C4AF 3.77 β-C2AH8 1.97 
β-C2S 3.28 C3AH6 2.52 
C2AS 3.04 C4AH13 2.02 
Glass 3.0 AH3 2.44 
CaO, CO2 2.71 C3S2H3 2.44 
  CAC@18°C 2.11 
  CAC@45°C 2.64 
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Fineness of dark grey/black CAC is 315m2/kg, while 400m2/kg for white CAC 
(with 50% Al2O3), 420m
2/kg (with 70% Al2O3), and more than 800 m
2/kg 
(with 80% Al2O3)   
 
Bensted (2002) mentioned that CACs are relatively slow setting but rapid-
hardening.  The slow setting characteristic allows suitable time for 
placement in most instances without any additional need for set retarders.    
This characteristic also permits plenty of time for the initiation of regular 
hydrate growth, which facilitates the high initial strength development.  
 
2.3.4 Mineralogy of CAC 
 
For dark grey/ black CAC, the monocalcium aluminate – CA or CaAl2O4 is 
the principal reactive phase that is responsible for the properties of the 
material and makes up from 40% to 60% of the cement.  Mayenite (C12A7) 
is another important phase that helps to trigger the setting process; 
however, its presence is controlled as its too much presence could lead to 
stiffening.  Belite (C2S), gehlenite (C2AS), spinel phase, ferrite (C4AF), etc. are 
the other phases of CAC, and make up over half of the cement.  They 
contain silicon and/or iron and other minor elements in addition to calcium 
and aluminium. 
 
White CACs contain calcium dialuminate (CA2) and α-alumina (α-A).  CA is 
the main constituent, although it is often present in smaller amounts than 
in dark CACs.  C4AF exists in negligible amounts in white CACs (Bensted 
2002). 
 
Table 2.4 provides the approximate composition of standard CAC grades, 
and comparison with the typical composition of Portland cement.  Silica 
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and dolomite can be used as aggregates with CAC when making cement.  
Resins as additives can also be included in CAC to improve workability and 
durability (Valix 2008). 
 
Table 2.4: Composition Ranges of Calcium Aluminate Cements (Scrivener, 
Cabiron et al. 1999) 
Grade Colour Al2O3 CaO SiO2 Fe2O3+FeO TiO2 MgO Na2O K2O 
Standard 
Low 
Alumina 
Grey 
to 
Black 
36-
42 
36-
42 
3-8 12-20 <2 ~1 ~0.1 ~0.15 
Low 
Alumina, 
Low Iron 
Light 
Buff 
or 
Grey 
48-
60 
36-
42 
3-8 1-3 <2 ~0.1 ~0.1 ~0.05 
Medium 
Alumina 
White 
65-
75 
25-
35 
<0.5 <0.5 <0.05 ~0.1 <0.3 ~0.05 
High 
Alumina 
White >80 <20 <0.2 <0.2 <0.05 <0.1 <0.2 ~0.05 
 
2.3.5 Chemistry of Hydration and Conversion of CAC 
 
Scrivener (2003) defines hydration as a chemical process by which cements 
react with water to give a rigid solid.  In terms of its physical process, 
hydration is the same for CACs and Portland cements, whereby anhydrous 
cement and water are replaced by hydrate phases, which have a larger 
solid volume and bridge the spaces between the cement grains.   
   
Hydration of CAC is initiated when calcium ions (Ca2+) and aluminate ions 
(Al3+) are dissolved in water to give a solution.  These ions can combine as 
several different types of hydrates generally known by their chemical 
formulas (see Table 3 right column) such as CAH10, C2AH8, C3AH6, and AH3, 
plus poorly crystallised gel-like phases.  It should be noted that the nature 
of hydrates is dependent on temperature of hydration as shown in Figure 
2.5 (Scrivener, Cabiron et al. 1999).  (Nomenclature: C=CaO, A= Al2O3, 
H=H2O). 
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Bensted (2002) mentioned that at temperature below circa 15oC, initial 
reaction of calcium aluminate (CA) with water produces CAH10 or 
Ca[Al(OH)4]2.6H2O, which has outstanding binding properties.  Such 
reaction is represented by, 
 
CaAl2O4 + 10 H2O  Ca[Al(OH)4]2.6H2O                                     (Equation 2.5) 
 
At temperature above 15oC, C2AH8 is formed, together with CAH10. As the 
temperature increases, C2AH8 proportion increases as well. Until above 
circa 25oC, C2AH8 or Ca2[Al(OH)4].[Al(OH)6].3H2O becomes the dominating 
hydrate and such reaction is shown as, 
 
2CaAl2O4 + 11 H2O -->   Ca2[Al(OH)4].[Al(OH)6].3H2O + 2Al(OH)3     (Eq.2.6) 
 
At this stage, the alumina gel Al2O3XH2O is formed along with C2AH8 and 
changes with time from being amorphous to form hexagonal crystals of 
gibbsite Al(OH)3: 
Al2O3XH2O + (3 - x)H2O   2Al(OH)3                                               (Equation 2.7) 
 
At a temperature above circa 60oC, the CA converts to form the 
hydrogarnet C3AH6 or Ca3[Al(OH)6]2 during the early hydration: 
 
3CaAl2O4 + 12H2O  Ca3[Al(OH)6]2 + 4Al(OH)3                           (Equation 2.8) 
 
Once again, the alumina gel is firstly produced prior to transforming to a 
crystalline gibbsite. 
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A thorough investigation on the conversion of calcium aluminate cements 
(CACs) was observed and discussed by Bradbury, Callaway et al. (1976). 
Conversion occur under two possible mechanisms – solid state 
transformation mechanism and “through solution” mechanism.    Solid 
state transformation involves the separation of two solid conversion 
products -- C3AH6, and AH3, at the expense of the metastable parent 
hydrates CAH10, C2AH8.  With this in mind, the reaction would occur within 
the volume of the original parent crystals; the phase would grow alongside 
at a common interface, or known as eutectoid transformation.  It not 
expected that a liquid phase is active at this stage.   
 
The second possible mechanism of conversion is by a “through solution” 
mechanism.  Under this mechanism, with the dissolution of initial hydrates 
having taken place, the transport of the ionic or molecular species and the 
final crystallisation of the conversion products all happen in the presence 
of a supporting aqueous medium.  At this stage, the reaction occurs in a 
way such that the liquid phase separates the crystals of the parent and 
product phases.  Spontaneously, it can be seen that relatively lower 
activation energies are involved in this mechanism. Further, under given 
conditions, the conversion could proceed by this means with greater 
facility and speed.  The “free water” released during the transformation 
would provide a “short circuit” path for the conversion reaction to occur. 
 
As shown in Figure 2.5 being an example for various stages during 
conversion, the appearance of the microstructures after conversion, as far 
as the shape, size and distribution of crystalline hydrates are concerned, is 
compatible only with the second mechanism, i.e. a process of dissolution 
and recrystallisation within an aqueous medium.    
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Figure 2.5: Microstructures of cement paster (water/cement ration of 0.6 
cured at 40oC) at various stages of conversion  (a) 1 day, (b) 7 days, and 
(c) 14 days (Bradbury, Callaway et al. 1976) 
 
Figure 2.5 (a) shows the microstructure of the cement paste on its first day 
of hydration. As shown it is  made up of mass interleaved needles  and 
hexagonal plates fixed in a matrix of amorphous-looking material.  Platy 
and acicular crystals are attributed to the formation of CAH10 and C2AH8.  
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Both of these hydrates have hexagonal crystal structures; C2AH8 are said to 
be flat hexagonal plates, whereas CAH10 are poorly-crystallised plates or 
prismatic needles (Bradbury, Callaway et al. 1976).  Significant quantities of 
aluminium hydroxide are expected to be produced from the hydration of 
the CA2 in the cement and the formation of C2AH8 from CA.  Aluminium 
hydroxide may occur as crystalline form of fine needles. 
 
The appearance of the conversion product C3AH6 as "necklaces" of small 
spherically shaped crystals is the notable difference in the microstructure 
after 7 days as shown in Figure 2.5(b).  These crystals measure about 2 
microns in diameter.  
 
Figure 2.5 (c) shows the conversion product at the 14th day.  As shown the 
number and size of the crystals have significantly increased.  Their form is 
of well-defined faceted polyhedra and is at 6 microns in diameter. 
 
As will be discussed in the next sub-section, the proportion of “free water” 
available in a cement will be dependent on the original cement ratio, the 
degree of hydration, and the extent of conversion. 
 
The work of Gosselin (2009) on the microstructural development of CAC-
based system with and without supplementary cementitious materials 
revealed that CAC hydrates decompose at varying temperatures as 
summarised in Table 2.5: 
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Table 2.5: Thermal Decomposition of calcium aluminate hydrates 
Decomposition Temperatures (oC) Heating 
Rate 
Method References 
CAH10 C2AH8 C3AH6 AH3 gel Al(OH)3 C2ASH8 
 
110, 175, 
295 
    10°C/min DTG 
(Ukrainczyk, Matusinovic et al. 
2007) 
96    266  20°C/min DTG (Barnes and Baxter 1978) 
110    267  5°C/min DTG (Guirado, Gali et al. 1998) 
 
170, 230, 
275 
320    10°C/min DTG (Das, Mitra et al. 1996) 
110-120  320-350  295-310  25°C/min DTA 
(Bradbury, Callaway et al. 
1976) 
120  310  290  10°C/min DTA 
(Nilforoushan and Talebian 
2007) 
   90   10°C/min DTA (Calvo, Alonso et al. 2013) 
137 137    280-350 10°C/min DTA (Hidalgo, García et al. 2009) 
     
100, 138 and 
240 
10°C/min DTG (Kuzel 1976) 
     
120, 165 and 
220 
10°C/min DTG 
(Matschei, Lothenbach et al. 
2007) 
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Factors Influencing the Conversion of CAC 
a.   Temperature  
Temperature is a factor that influences hydration of calcium aluminate 
cement (see Figure 6).  The first hydrate CAH10 (or Ca[Al(OH)4]26H2O) is 
formed at lower temperatures; C2AH8 (or Ca2[Al(OH)4] and AH3 
([Al(OH)6]3H2O + 2Al(OH)3) at intermediate temperatures, and C3AH6 (or 
Ca3[Al(OH)6]2) and AH3 at higher temperatures.   The stable phases are 
C3AH6 and AH3, and the other phases will inevitably convert to these at a 
rate dependent on temperature and moisture (Scrivener, Cabiron et al. 
1999). Metastable hydrates are CAH10 and C2AH8 which are responsible for 
shrinkage of hydrated CAC, whilst C3AH6 and AH3 result to increased 
porosity of the CAC structure and release of water, which can cause 
deterioration in strength. Both C3AH6 and AH3 are the most susceptible to 
acid attack (Valix 2008). 
 
 
   
Figure 2.6:  Hydration Reactions of Monocalcium Aluminate  
 
Heikal, Radwan et al. (2004), in their study about the influence of curing 
temperature on the physico-mechanical, and characteristics of calcium 
aluminate cements with slag, found out  that increasing the curing 
temperature enhances the proceeding conversion reaction to form the 
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stable C3AH6 phase from the metastable phases (CAH10 and C2AH8). 
Referring to Table 2.3, C3AH6 has the highest density among the CA 
hydrates, resulting to higher porosity and expansion at a given degree of 
hydration.  But according to Figure 2.6, the conversion reaction also leads 
to release of water which is available for further reaction of remaining 
anhydrous material.  Because of this, Scrivener, Cabiron et al. (1999) in 
their experiments noted that development of strength of CAC, in small 
sections at ambient temperatures, has the form shown in Figure 2.7.  It 
shows an initial rapid increase to a high early strength (corresponding to 
CAH10 and C2AH8); it is followed by a decline to a minimum (during the 
transformation to C3AH6 and AH3) prior to a further increase.   It further 
shows the importance of controlling the water-cement ratio at 0.4 to 
ensure that the minimum strength is sufficient for the application and 
design must always be on the basis of long-term strength.   
 
     
Figure 2.7: Schematic strength development of calcium 
aluminate cements at a water cement ratio of about 0.4 
(Scrivener, Cabiron et al. 1999). 
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Table 2.6 by Bensted (2002) shows how (curing) temperature can have an 
effect on the rate and degree of conversion of CAC in terms of AH3.  
 
Table 2.6: Rate of conversion with a dark grey/black CAC pastes at w/c 
ratio 0.27 for various temperatures (Bensted 2002) 
Curing 
Temperature 
(C) 
Degree of 
Conversion @ 1 
month (Dc)a 
Rate of 
Conversion 
during 1 month 
(R)b 
18 20 0.238 
30 22 0.253 
35 24 0.268 
40 32 0.291 
45 35 0.325 
50 60 0.326 
55 80 0.336 
60 100 0.73 
70 100 0.78 
80 100 0.93 
90 100 1.15 
a Degree of Conversion (Dc) =  (Amount of AH3/Amount of CAH10 + amount 
of AH3) X 100 
b Rate of Conversion (R) = Dc/age (with Dc as a percentage and age as years 
= 104) 
 
b. Ratio of Water to Cement 
At high water-cement ratios (> 0.7), the impact of conversion of hydrates is 
greatest.  This can be explained further by saying that if the temperature is 
kept low, there is sufficient water and space that are available for nearly all 
the reactive anhydrous phases to react to give CAH10 and C2AH8 which are 
metastable hydrates.  As these hydrates have low densities as shown in 
Table 2.3, they fill most of the space originally occupied by water, resulting 
to low porosity.  When conversion happens, the formation of C3AH6 and 
AH3 (stable hydrates and more dense) results to considerable decrease in 
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solid volume, increase in porosity, and decrease in strength (Scrivener 
2003). 
 
For low water-cement ratios (<0.4), the water and space are insufficient for 
all the cement to react to form the metastable hydrates.  That being the 
case, the water released by conversion is used up to react with more of the 
cement to give more hydrates.  This results to lesser net reduction in solid 
volume, lesser increase in porosity, and less decrease in strength.   
The volumetric relationships showing the two scenarios schematically are 
displayed below in Figures 2.8a and 2.8b. 
 
 
Figure 2.8a:  Hydration Scheme of CAC concretes at high W/C ratio (~0.7) 
(Scrivener 2003) 
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Figure 2.8b:  Hydration Scheme of CAC concretes at low W/C ratio (~0.4) 
(Scrivener 2003) 
 
 
Bensted (2002) mentioned in his thorough study on CAC that higher water-
cement ratio results in faster conversion.  He recommends a w/c ratio of 
0.4 as optimum.  Below is a table (Table 2.7) showing effect of 
water/cement ratio on the degree of conversion of CAC. 
 
Table 2.7:  Effect of water/cement ratio for dark grey/black CAC pastes on 
the rate of conversion (Bensted 2002) 
Water/Cement Ratio Rate of Conversion (R) 
0.27 0.238 
0.30 0.231 
0.35 0.240 
0.40 0.230 
0.45 0.250 
0.6 0.268 
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c. Relative humidity 
Relative humidity has an effect on the rate of conversion of CAC.  A fall in 
relative humidity below saturation gives slower conversion (Bensted 2002).  
The table (Table 2.8) below shows the effect of relative humidity on the 
degree of conversion of dark grey/black CAC pastes cured at 50C. 
 
Table 2.8:  Effect of relative humidity on the degree of conversion of dark 
grey/black CAC pastes cured at 50C (Bensted 2002) 
Relative Humidity (%) 
Degree of Conversion 
(Dc) (%) 
30 3 
50 19 
65 54 
75 41 
92 34 
 
 
d. Aggregates  
The effect of aggregate to be used with CAC depends upon permeability.  
According to American Institute of Concrete, aggregates are broadly 
classified at natural or artificial. Natural sands and gravel are products of 
weathering and the action of wind or water, whilst manufactured crushed 
fine aggregate and crushed stone coarse and fine aggregates are produced 
by crushing natural stone (Institute 2007).  As well, natural aggregated may 
be produced from igneous, sedimentary, or metamorphic rocks.    The 
choice of quality aggregate for use in concrete or cement depends upon 
the purpose for which the cement will be used.  The right choice of the 
aggregate would require information obtained from previous tests, such as 
quality and service record. A typical consensus specification for fine and 
coarse aggregates for concrete is ASTM C 33. 
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On the other hand, synthetic aggregates may be either by-products of an 
industrial process (e.g. blast-furnace slag), or products of processes 
developed to manufacture aggregates with special properties (e.g. 
expanded clay, shale, or slate used for lightweight aggregates). Some 
lightweight aggregates (e.g. pumice or scoria) also occur naturally (Institute 
2007). 
 
Other classifications of aggregates may be based on bulk density, 
(previously termed “unit weight”) (ASTM C 33, C 330, and C 637), 
mineralogical composition (ASTM C 294), and particle shape. 
 
It is necessary to define specific aggregate properties in order to 
understand their effect on concrete properties, including their role in the 
performance of concrete.   
 
e. Mineralogical composition of CAC 
Bensted (2002) stated that mineralogical composition of CAC has an effect 
on the rate of conversion of CAC.  He stressed that higher CA/C12A7 and 
lower alkalis favour slower conversion. The chemical formula for CA is 
CaOAl2O3, whilst C12A7 is 12CaO.7AL2O3. 
 
The C12A7 is present in much smaller quantities than CA in CAC.  During 
hydration, C12A7 reacts rapidly with water to produce similar hydration 
products to CAC, predominantly C2AH8 (prior to conversion) and alumina 
gel that gradually crystallises to   gibbsite AH3: 
 
C12A7 + 51H  6C2AH8 + AH3                                          (Equation 2.9) 
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At elevated temperatures, say 60C, C12A7 gives rise to C3AH6 during 
hydration: 
C12A7 + 33H  4C3AH6 + 3AH3                                         (Equation 2.10) 
 
At ordinary temperatures, some CAH10 can also be formed: 
 
C12A7 + 69H  6CAH10 + AH3 + 6CH                                  (Equation 2.11) 
 
The CH formed transiently is then available to react with CAH10 and C2AH8 
to form more C2AH8 (from CAH10) and also C3AH6 from both of these 
hydrates (Bensted 2002). 
 
2.3.6 Effect of Conversion on CAC Mineralogy and Physical Properties  
 
As explained in Section 2.3.5.1, different types of hydrates are formed 
during conversion of CAC, such as CAH10, C2AH8, C3AH6, and AH3.  Among 
these hydrates, C3AH6 (a form of hydrogarnet), and AH3 (gibbsite) are the 
most stable, whilst CAH10 and C2AH8 are hexagonal in its crystal structure 
and are metastable.  The crystal structure of C3AH6, on the other hand, is 
cubic, having a morphology of compact equiaxed facetted crystals, whilst 
AH3 is poorly crystalline and is deposited in formless masses (Scrivener 
2003). 
 
As both C3AH6, and AH3 are stable phases, the metastable phases are 
formed at an early stage, but will over time, convert to C3AH6, and AH3. 
 
Considering Figure 2.6 under Section 2.3.5.1, the following are the 
conversion reactions of CAC: 
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3CAH10  C3AH6 + 2 AH3 + 18H                                           (Equation 2.12) 
3C2AH8  2C3AH6 + AH3 + 9H                                                (Equation 2.13) 
 
The above conversion reactions result to an increase in porosity in CAC 
since a dense C3AH6 is formed (consequently molar volume of the solids 
present decreases), an increase in permeability of CAC, and reduction in 
strength since water is released during conversion. 
 
At ordinary temperatures, CAH10 and C2AH8 are considered as the main 
strength-giving phases in hardened CAC.  When examined by synchrotron 
energy-dispersive diffraction, C2AH8 has been shown to be ubiquitous 
transitory phase that initiates the formation of C3AH6 in both the hydration 
and conversion processes over temperature range 40 – 90oC (Bensted 
2002).  Referring to Table 3, at 40oC, the transformation progression of 
CAH10 to the polymeric forms of C2AH8 (-C2AH8 and -C2AH8, in that order) 
to C3AH6 with increasing density at each stage strongly indicates a solid-
state reaction with -C2AH8 phase serving as a nucleating agent for the 
growth of C3AH6.  Such phenomenon is different from the idea that CAH10 
directly converts to C3AH6, which is described as a through solution 
mechanism as mentioned in the earlier section of this Review.  
 
Upon conversion of CAH10 and C2AH8 to C3AH6, there is a decrease in 
volume from 75% to 47% of the original value.  This, in turn, results to a 
decrease in strength. At water/cement ratio of 0.40 and below, there is not 
enough space to permit all the calcium aluminate to hydrate, so that even 
after conversion, hydration occurs in the pore spaces and fills them up 
more effectively. As a result, though the strength in the converted phase is 
lower than the initial transitory strength, in relative terms, the strength in 
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the converted phase is greater than at higher water/cement ratios.   C3AH6, 
as such, is not a weak binder; rather it provides strong bonding when 
formed directly, as at temperatures above circa 60oC (Bensted 2002). 
 
Table 2.9 shows the list of minerals that are formed during the early 
hydration of dark/grey black CAC with water/cement ratio of 0.27.  As 
shown, the setting process in CAC is relatively slow, although strength 
development becomes rapid at temperature range 25-30oC, which is 
basically relies on the presence of calcium aluminates. On the other hand, 
shortening the setting time is observable at temperature range 0-20oC 
above which it lengthens until at 28-30oC it can be up to 8 times as long as 
20oC.  Above 30oC, the setting times shorten very rapidly.  These changes in 
the setting time were monitored using conduction calorimetry.  The 
highest setting time observed is due to the increasingly difficult nucleation 
of CAH10 at temperature above 20
oC, until it becomes nearly impossible 
above 29oC, and following formation of gel phase which acts as a slowing 
barrier to further dissolution and/or precipitation. 
 
Table 2.9: Minerals formed during early hydration of dark grey/black CAC 
with water/cement ratio 0.27 (Bensted 2002) 
Curing 
Temp. 
(oC) 
Setting 
Time 
(hours) 
Minerals Formed (weight %) 
Gel CAH10 C2AH8 AH3 C3AH6 
5 24 - 5 trace 2 4 
10 24 - 21 3 1 1 
15 24 5 8 - trace trace 
20 8 - 10 6 2 1 
25 24 - - 12 3 - 
30 16 - - 2 trace trace 
33 24 - - 15 4 2 
35 22 - - 11 3 - 
35 4 - - 2 0.5 - 
35 8 - - 10 4 5 
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The presence of both C2AH8 and AH3 presents a difficult nucleation and 
slows the growth of nuclei, whilst temperature, in itself, accelerates it.   
When this latter reaction prevails, the setting times accelerate quickly.  At 
higher temperatures, the formation of cubic hydrate C3AH6 by nucleation is 
the main reason for setting.  Alumina gel, on the other hand, has minimal 
role in the setting time as it hydrates concurrently with C2AH8 and C3AH6.  
Instead, the alumina gel crystallises with time to form gibbsite. 
 
Setting results in mobility loss of the water in the mix, and development of 
compressive strength requires continuous hydration reactions.  The CAH10 
hydrate forms distinctive networks of interlocking prisms; C2AH8 produced 
well-formed hexagonal plates that are normally clustered into aggregates; 
C3AH6 produces aggregates of equidimensional nodules. 
  
A well-known method in determining the type of hydrates present during 
CAC conversion is the Thermogravimetric analysis (TGA).  Other methods 
are highly utilised such as differential thermal analysis (DTA), and X-Ray 
Diffraction (XRD) to identify the minerals present in CAC. Table 2.10 below 
shows the decomposition temperatures of hydrates. 
 
Table 2.10:  Decomposition Temperatures for Hydrates of CAC                              
(Cardoso, Innocentini et al. 2004) 
Hydrated Phase 
Decomposition 
Temperature (oC) 
Alumina Gel 100 
CAH10 120 
C2AH8 170-195 
AH3 – gibbsite 210-300 
C3AH6 240-370 
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2.3.7 Effect of Conversion on the Corrosivity of CAC  
 
Jambor and Skalny (1996), Bradbury, Callaway et al. (1976), and Chotard, 
Gimet-Breart et al. (2001) mentioned that the primary concern with 
conversion is that it leads to the formation, with time, of less dense 
precipitates and cement resulting in increases porosity, reduced hydraulic 
strength, and increase susceptibility to corrosive attack. Further, it was 
mentioned in their studies of the conversion of calcium aluminate cements 
(CAC) that high temperatures of curing (that gives rapid rates of 
conversion) and high water-cement ratios will promote the degradation 
process of CAC.  Further, the harmful effects of conversion stem not only 
from the changes of morphology and mineralogical structure of the 
hydrates, but also from the increase in porosity that is the result of 
decrease in molar volume of the solids present.  The size and distribution 
of pores are a function of the composition of the cement and the 
conditions under which conversion occurs.  Conditions that favour the 
development of a high degree of porosity are also associated with a 
decrease in the mechanical strength of CAC. 
The speed of conversion, which is a thermodynamically-driven and 
inevitable process, may take years at low temperature, but could be 
accelerated with high water/cement ratio and at elevated temperatures 
(Bradbury, Callaway et al. 1976, Barnes and Baxter 1978, Collepardi, 
Monosi et al. 1995).  Thus, the continuous conversion of CAC has an 
adverse effect on its long term durability. 
 
Neville (1975) in his study on the performance of CAC for Canada discussed 
that the conversion effect of CAC is an internal contraction of the solid 
material with a concurrent formation of voids.  Strength of the cements 
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decreases with the increase formation of voids. As conversion creates 
voids, though extremely small but very numerous, so it has the ability to 
reduce the strength of CAC.  This becomes the crux of the problem with 
CAC.  The hydrated cement has a very high strength to begin with but 
losses it with time.   
 
As previously discussed, among all the phases formed during the 
conversion process, the most stable are the C3AH6 and AH3.  The C3AH6 is 
the densest, and leads to the formation of higher porosity and water.  This 
water, often referred to as the “free water” becomes available for the 
hydration of the remaining unhydrated calcium aluminate.  The 
development of strength of CAC follows an initial rapid rise in strength 
followed by a slow uptake (Scrivener, Cabiron et al. 1999).  It must be 
noted again that both C3AH6 and AH3 phases are the most susceptible to 
acid attack (Valix 2008). 
 
2.4 Chemistry of Corrosion of Cement Structures and CAC 
 
2.4.1 Mineral Acid Leaching 
 
Equation 2.14 below shows the dissolution of calcium aluminate hydrate 
induced by mineral acids – a combination of the dissolution of the calcium 
component of CAC and of the aluminium precipitation to alumina hydrate 
of Al(OH)3.  The formation of the alumina hydrate provides a passivating 
effect on the concrete such that it fills the pores of the structure, 
protecting the concrete from further acid attack (Scrivener, Cabiron et al. 
1999): 
C3AH6 + 6H
+    3Ca2+ + 2Al(OH)3 (s) + 6H2O               (Equation 2.14) 
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Alumina hydrate is usually stable at pH from 3.5 to 4.0, but will dissolve at 
pH below 4.0 to form monomeric Al3+ (Scrivener, Cabiron et al. 1999): 
 
2Al(OH)3 (s) + 6H
+    2Al3+ + 6H2O                                        (Equation 2.15) 
 
As shown above, it takes 6 moles of H+ to neutralise 1 mole of C3AH6.  The 
progressive dilution of alumina gel enables a higher degree of protection of 
the interior of the concrete from the full acid strength (Lea 1970). Both 
C3AH6 and AH3 contribute to the high corrosion resistance of CAC towards 
mineral acid attack. 
 
2.4.2 Complexation Reaction 
 
Fungi generate various ranges of acids such as acetic, gluconic, glucuronic, 
citric, oxalic, oxalacetic, succinic, malic, and glyoxylic acids.  These acids 
participate in corroding cementitious materials in sewer (Sunesson 1995).  
The organic acids will dissolve CAC by acidolysis (proton attack) and by 
complexation (chelation of metal ions with organic acids) (Sand 1997).  In 
particular, reaction of CAC with oxalic acids can immobilise the metal.   
 
Complexation reaction is as follows: 
 
  Al3+   +   H3L     AlH2L + H
+                           (Equation 2.16) 
 
where L is the anion organic acid ligand (e.g. citrate from citric acid). 
 
Complexes are relatively stable, where metal complexes exist in solution at 
pH below 10.0.  With the exception of metals such as Al, most metal 
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oxalates are immobile and are resistant to further solubilisation.  At this 
stage, only a few species of anaerobic bacteria, aerobic actinomycetes, 
bacteria, and fungi are able to degrade them readily (White, Wilkinson et 
al. 1995). 
 
Valix (2008) in her study of degradation of CAC cited that organic acid such 
as acetic acid is able to dissolve CAC at pH 2.5-3.0 more effectively than 
sulphuric acid at pH 1.0.  This certainly suggests that complexing agents, 
such as organic acid, have the potential to have a greater damaging effect 
on CAC even before sulphuric acid is introduced into the system.  Further, 
(Valix 2008) mentioned that divergent mobility patterns of metal 
complexes evolves with different ligands.  This means that interactions 
with microbial organic acids (such as acetic acid and citric acid) can either 
immobilise or precipitate metals.  As an example, complexation of metal 
ions with citrate can result in the formation of highly mobile species and 
therefore allow dissolution and transport of Al from CAC. 
 
2.4.3 Precipitation 
 
CAC has a two-phase response when hydrated.  At pH above 4.0, the initial 
product is insoluble and produces a barrier effect.  As well, acid attack 
causes CAC the dissolution of Ca component of the other hydrates which 
leads to precipitation of Al(OH)3 gel, which acts as diffusion barrier, 
effecting slow acid attack.  The formed gel fills in the pores and protects 
the cement from further attack.  Although the common alumina hydrate is 
AH3 (a gibbsite), the phase has poor crystallinity in CAC.  Therefore the 
dissolution equation below represents the general aluminium hydrate 
Al(OH)3 instead (Scrivener, Cabiron et al. 1999): 
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C3AH6 + 6H
+  3Ca2+ + 2 Al(OH)3 + 9 H2O                                  (Equation 2.17) 
2.5 Kinetics of Corrosion of CAC  
 
The kinetics of corrosion of cementitious material determines the service 
life of a concrete.  Several methods of determining service life of concrete 
have been developed, with the current model estimating the rate of 
corrosion of concrete with the initial two steps: 
 
(1) Prediction of hydrogen sulphide generation in the sewer; and 
(2) Prediction of the flux of sulphide to the pipe wall. 
 
A model presented by Pomeroy in 1974 thru the United States 
Environmental Protection Agency (USEPA) gave an approximate of the 
sulphide flux from wall slimes, and has become the foundation and basis of 
many researches on modelling corrosion. 
De Belie, Monteny et al. (2004) proposed correlation between corrosion 
rate and the sulphide released: 
            Cr = 11.5ksw1/alk                  (Equation 2.18) 
alk = (cCaOcement + aCaOaggre /d) *  (100/56)                          (Equation 2.19) 
                            
where: Cr = corrosion rate (mm/year); k=factor related to the acid 
formation, based on climate conditions, 0.8 in moderate climates; sw = 
sulphide release (g H2S/(m
2 hr)); alk = alkalinity of the pipe material (g 
CaO3/g concrete); CaOcement = content of soluble CaO in the cement (kg 
CaO/kg cement); a = aggregate content (kg/m3 concrete); CaOaggre = 
content of soluble CaO in the aggregates (kg CaO/kg aggregates); d= 
concrete density (kg/m3); 100/56 = molar mass of ration of CaO3 to CaO. 
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De Windt and Devillers (2010) had proposed decalcification modelling of 
cement-based materials in leaching tests by pure water.  Decalcification (or 
loss of calcium) of cement pastes in concrete is associated with leaching, 
carbonation, and sulphate attack.  As calcium is the main component in 
cement and plays an important role in chemical reaction, calcium is 
considered a good indicator of chemical deterioration of cements. 
 
Chemical dissolution of inorganic material such as CAC can be described by 
standard heterogeneous kinetic equations, which involve reactions at 
interfaces due to diversity of processes.  The overall reaction process 
involves three mechanisms that are known to influence the degradation 
kinetics (Adenot and Buil 1992): 
 
 Bulk diffusion -- mass transfer of reactants and products between 
the bulk of the fluid and the external surface of the solid particle. 
 Pore diffusion -- ion transfer caused by gradients between the 
corrosive solution and the pore water of the cement paste. 
 Chemical reaction – dissolution or precipitation due to variation in 
concentration in the pore water of the cement paste. 
 
The rate controlling step can change depending on the reaction conditions. 
As such, leaching experimentation has been employed to characterise the 
cement degradation mechanisms and to develop a system of equations to 
model the attack.    Work of Gérard, Bellego et al. (2002) demonstrated 
that the leaching of Ca from cement-based materials is essentially a 
diffusion-controlled phenomenon.    
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As well, Sohn and Wadsworth (1979) and Levenspiel (1999) proposed two 
models to describe the leaching process, namely the core shrinking and 
particle shrinking models.  These models provide a description of the 
chemical dissolution in a fixed acid environment.  In a typical leaching 
system, the factors influencing the rate of a leaching process are 
summarised as follows: 
 
 Rate of leaching increases with decreasing particle size of the ore 
since the smaller the particles, the larger the surface area per unit 
weight. 
 If a leaching process is bulk-diffusion controlled, then it will be 
greatly influenced by the speed of agitation.  Chemically-controlled, 
on the other hand, is not influenced by agitation, but there should 
be enough agitation to avoid solids from settling. 
 Leaching rate increases with increasing temperature.  This is more 
applicable to chemically-controlled process than diffusion-
controlled process. 
 Rate of leaching increases as the concentration of the leaching 
reagent increases. 
 If an insoluble reaction product is formed during leaching, then the 
rate will depend on the nature of the product (whether porous or 
non-porous).  If it develops a non-porous layer, then rate of 
leaching will decrease. However, if solid product is porous, then the 
rate may depend on the diffusion of acid into the porous layer. 
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2.5.1 Kinetic Modelling 
 
The aim of any kinetic modelling is to identify the rate determining factor 
which is achieved by  deriving and solving a steady-state diffusion 
migration transport equations for all soluble reacting and non-reacting 
species in the system, in conjunction with the appropriate boundary 
conditions for a given rate controlling regime.  The following are the 
resulting expressions by the combined efforts of Levenspiel (1999), Sohn 
and Wadsworth (1979), Abdel-Aal (2000), and Olanipekun (2000): 
 
a = k0t                                                                                 (Equation 2.20) 
1 – 1 – a1/3 =k1t                                                                  (Equation 2.21) 
1 – 2/3a – (1-a) 2/3 = k2t                                                    (Equation 2.22)                                              
      1 – (1 – a)1/3 + B [1 – 2/3a – (1 –a)2/3] = k3t                      (Equation 2.23) 
 
Where a= fraction of metals dissolved with time t; k0, k1, k2= overall rate 
constants (min-1); k3= mixed model rate constant (min
-1 mol-1); B= k1/k2 
Equation 2.20 expresses bulk diffusion (film diffusion control) which can be 
overcome by increasing the turbulence around the coating (Levenspiel 
1972, Sohn and Wadsworth 1979). Equation 2.21 assumes the rate 
determining step of the leaching rate is the chemical reaction on the 
surface of the mineral, Equation 2.22 assumes the rate-determining step is 
diffusion through the product layer (pore diffusion control), and Equation 
2.23 assumes the rate determining step of the leaching rate is the 
combination of chemical control and diffusion control. The dissolution of 
specific metals (e.g. Al3+ from CAC) obtained from a batch data can be 
fitted into the established shrinking core models expressed above. The fit 
of the data to the models determines the rate determining step for the 
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reaction and thus the factor which controls and determines the rate of the 
coating dissolution (Valix 2012). 
 
After the reaction mechanism is confirmed, a graph is plotted.  The slope of 
the line gives the rate constant k by the following two equations (Abdel-Aal 
2000): 
 
k1 = MbkccC/  r min 
-1                                                          (Equation 2.24) 
k2 = 2 MbDC /  r
2 min -1                                                      (Equation 2.25) 
 
Where kcc = chemical rate constant (cm min -1); b = stoichiometric 
coefficient (dimensionless); M = molecular weight of the major zinc 
mineral; C = concentration of the acid (mol/m3); r = radius of the unreacted 
particle (m);  = density of solid 
 
The above models, however, do not consider the biogenic biological 
activity, including the relevant processes for the bioacid production.  
Böhm, Devinny et al. (1998), on the other hand, provided a model for the 
biological generation of SO4
2- from H2S and transport of H2S and SO4
2- from 
the interior of the pipe to the corrosion front, which separates the 
corroded and uncorroded part of the pipe. 
  
2.5.2 Progress of Corrosion Based on Diffusion Controlled Reaction 
 
In a study on the mechanism of corrosion of calcium aluminate cement, 
Valix (2012) noted that the progress of corrosion under diffusion controlled 
reaction in CAC could be approximated by the moving boundary reaction 
diffusion model. The shrinking core model has been used to describe the 
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rates of corrosion of concrete where the rate of movement of the 
boundary is considered slower than the transport rates of the acids. 
Because of the slow movement of the boundary, the mass transport could 
be considered to be always at steady state. In case of sulphate ion attack, 
for example, the sulphate ion is considered to migrate inwards through the 
corrosion product into the boundary with uncorroded material. At the 
interface the sulphate ions will react with the hydration products of CAC, 
consisting of CAH10, C2AH8, C3AH6 and AH3) to produce Al(OH)3, and 
dissolved Al and Ca sulphate species. The mass transport is assumed to be 
always at steady state and is then used to estimate the rate of progression 
of the corrosion interface through the concrete.  The corrosion reaction 
can be simply expressed as follows: 
C3AH6 +6H
+   3Ca2+ + 2Al(OH)3(s) +6H2O                           (Equation 2.26) 
 
Alumina hydrate is usually stable at pH from 3.5-4.0. Below pH 4.0, the 
hydrate will dissolve to form monomeric Al3+ (Scrivener et. al., 1999): 
 
       2Al(OH)3(s) + 6H
+   2Al3+ + 6H2O   (Equation  2.27) 
 
Based on Fick's law of diffusion, the flux of sulphate ions is given as: 
             
  
 
       (Equation 2.28) 
 
The rate of progression of the corrosion interface is then the rate of 
sulphate mass transport divided by the concentration of the Al2O3 and CaO 
in CAC.   
  
  
   
 
  
 
    
   
                      (Equation 2.29) 
 
The solution to this equation is given as: 
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                             (Equation 2.30) 
Where k =  
     
  
 
 Ca = concentration of Al2O3 and CaO in CAC solid (moles/cm
3) 
Co = concentration of the sulphate or corresponding acid anion in 
the bulk solution (moles/cm3) 
X = depth of corrosion (cm) 
Di = acid anion diffusion coefficient (cm
2/s) 
t = time (s)   
 
2.5.3 Effect of Temperature on Kinetics of Corrosion 
 
In a study on kinetics of sulphuric acid leaching of low-grade zinc silicate 
ore by Abdel-Aal (2000), it was mentioned that reaction temperature has 
an effect on the leaching process and the percentage of desired metal to 
be extracted.  In said study, increasing the reaction temperature results to 
increasing rate of the metal dissolution and the rate of reaction is diffusion 
controlled.  A closely similar study by Demir, Donmez et al. (2003) using 
citric acid to extract magnesite from the magnesite ore revealed that 
increasing reaction temperature increased the rate of Mg metal extraction 
and is chemically-controlled. 
 
Diffusion-controlled process, as explained by Habashi (1969), is 
characterised by being slightly dependent on temperature, whilst 
chemically-controlled processes strongly depend on temperature.  This is 
because the diffusion coefficients are linearly dependent on temperature 
as shown by the Stokes-Einstein equation below, 
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D (RT/N) * (1/2r)                                                                 (Equation 2.31) 
 
whereas chemical velocity constants are exponentially dependent on 
temperature as indicated by the Arrhenius equation, 
 
                                                                      (Equation 2.32) 
 
where A is the frequency factor for the reaction, R is the universal gas 
constant, T is the temperature (in kelvin), and k is the reaction rate 
coefficient. The Arrhenius equation is highly useful in determining the 
amount of energy used by a material. 
The above equations indicate that if the temperature is doubled, D is 
approximately doubled but k is increased to almost a hundred times.  
Because of this, the activation energy of the diffusion-controlled process is 
described as being 1-3 kcal per mole.  Chemically-controlled process, on 
the other hand, is greater than 10 kcal per mole. 
 
Habashi (1969) further indicated that it is possible for a process to change 
its mechanism from chemical control at low temperature to diffusion 
control at high temperature.  Such phenomenon is freely observed when 
the logarithm of velocity constant against 1/T (Arrhenius plot) is plotted 
(Figure 2.9).   A classic example of this kind is the reaction C + ½ O2 to 
produce CO.  As indicated by said diagram, two straight lines with different 
slopes may be generated.  These lines correspond to high activation energy 
at low temperature, whilst low activation energy at higher temperature.  
This phenomenon occurs because at low temperature, the rate of chemical 
reaction is slow such that it is much less than the rate of diffusion, that is, 
the rate is chemically controlled.  On the other hand, at high temperature, 
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the rate of chemical reaction accelerates with the increase in temperature, 
thereby allowing higher rate of diffusion, i.e. the rate becomes diffusion-
controlled.  
 
Habashi (1969) also cited about another reason for the change in the 
mechanism from chemical control to diffusion control – formation of non-
porous film of reaction product.  An example of this is the reduction of 
Fe2O3 by hydrogen.  During the reaction, the crystallisation of iron occurs at 
high speed at elevated temperature, which leads to the formation of a 
dense layer surrounding unreduced Fe2O3 core.   The reducing gas diffuses 
through this layer; thus the process is diffusion controlled, though at low 
temperature, it is chemically controlled. 
 
 
 
Figure 2.9: Effect of temperature on the reaction C + ½ O2  CO.  In the 
temperature range 600-800oC E= 41.5 kcal/mole (chemically controlled), 
and in the range 1100-1300oC E=1.5 kcal/mole (diffusion controlled) 
(Habashi 1969) 
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2.5.4 Effect of Concentration of Reagent 
 
For the solid-liquid process, the mechanism of reaction may change from 
diffusion control to chemical control which is effected by increasing the 
concentration of the reagent in the liquid phase (Habashi 1969).   Such 
phenomenon is supported by the fact that concentration is directly 
proportional to the activation energy.  At a low concentration of the 
reactant, the reaction has a low energy of activation, whereas at high 
concentration the activation is high.  Further, this change from diffusion-
control to chemical-control is because of the fact that at low reagent 
concentration, the rate of diffusion is slow, and therefore dictates the 
entire process.  On the other hand, an increase in the reagent 
concentration results to a faster rate of diffusion.  The speed will occur to 
such an extent that it supersedes the rate of chemical reaction, hence the 
shift from diffusion-control to chemical-control.  As an example in Figure 
2.10, a change in the initial concentration of the reagent might result in a 
change of control for the dissolution of cupric oxide in sulphuric acid 
(Habashi 1969). 
 
 
Figure 2.10: Effect of acid concentration on the dissolution of CuO.  The 
process is apparently diffusion-controlled at low acid concentration, and 
chemically-controlled at above 0.2 mole per litre (Habashi 1969) 
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2.6 Effect of Supplementary Cementitious Materials on the Conversion 
of CAC  
 
Various attempts have been made to suppress the conversion of CAC.  This 
included controlling the water/cement ratio to below 0.4, use of phosphate 
compounds followed by hydrothermal curing to generate hydroxyapatite 
and AH3 and with the use of vitreous pozzolanic materials or 
supplementary cementitious materials (SCMs), which includes fly ash and 
granulate blast furnace slag (Collepardi, Monosi et al. 1995, Ding, Fu et al. 
1995, Ding, Fu et al. 1996, Benezet and Benhassaine 1999, Hidalgo, García 
et al. 2009).  Several works agree that the addition of SCMs to CAC 
provides an alternative reaction to the converted hydrogarnet (C3AH6) 
phase to an aluminate hydrate with silica phase (or C-A-S-H) which is called 
stratlingite (C2ASH8) or hydrated gehlenite (C2AS)  (Collepardi, Monosi et al. 
1995, Ding, Fu et al. 1995, Bensted 2003, Hidalgo, García et al. 2009). 
 
Pozzolanic materials are added to calcium aluminate cements to improve 
their properties. They have the ability to suppress cubic hydrates in CAC 
and are effective against aggressive acidic environments.  As previously 
discussed in Section 2.3.5.1, the products of hydration reaction of CAC at 
relatively ambient temperatures are the hexagonal hydrated calcium 
aluminates – CAH10 and C2AH8.  The most widely identified degradation 
process suffered by CAC is the so-called conversion of both 
aforementioned hydrates to cubic form -- C3AH6 and Al(OH)3(AH)3, which 
according to Equations 2.5-2.7, are susceptible to acid leaching.  At 
temperature of 70C, said calcium hydrate is generated, but all the other 
phases will inevitably convert to this (Valix 2008). 
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Majumdar and Singh (1992) found out that the reduction of the hydrate 
conversion and increase of strength of CAC can be achieved by replacing 
CAC with blast furnace slag (BFS) or other pozzolans such micro silica and 
metakaolin.  The reaction of pozzolan and CAC that prevents the 
conversion of CAC hexagonal hydrated phases has been proposed to occur 
through the reaction of the silica content of the mineral addition with 
calcium aluminates.  This avoids the formation of hexagonal C2AH8 and its 
conversion to cubic C3AH6. Instead, hexagonal aluminate hydrate-
containing silica, called gehlenite or strätlingite (Ca2Al2SiO7.8H2O or C2ASH8) 
is proposed to form. (Majumdar and Singh 1992, Cong and Kirkpatrick 
1993).   
 
Adding slag in CAC inhibits the formation of the hydrogarnet (C3AH6), but 
instead the gehlenite is formed.  This is because the activation of the slag 
consumes the Ca2+ ions, thus inhibiting the formation of calcium-rich 
hydrates, suppressing further conversion reactions (Heikal, Radwan et al. 
2004).  
 
In their study on the formation of strätlingite in relation to the hydration of 
high aluminate cement (HAC), Midgley and Bhaskara Rao (1978) mentioned 
that strätlingite (C2ASH8) was detected by X-ray peak at 12.6 Angstrom.  
They further stressed that the strätlingite is usually found when CAC or 
HAC has been considerably converted, i.e. when the major phases are 
C3AH6 and AH3 and there is little CAH10.  They also considered that the 
small quantity of C2ASH8 formed is attributed to the remaining tiny 
amounts of CAH10 at the later stages of hydration. 
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2.6.1 Types of Pozzolans 
 
Though not cementitious in themselves, pozzolans are materials that 
contain constituents which will combine with lime (calcium hydroxide) at 
ordinary temperatures in the presence of water to form stable insoluble 
compounds (calcium silicates) possessing cementitious properties (Lea 
1970, Valix 2008).  Pozzolans are divided into two groups – natural and 
artificial.   
 
Natural pozzolanas mostly are of volcanic origin, and also includes certain 
diatomaceous earths.  On the other hand, artificial pozzolanas are products 
obtained by heat treatment of natural materials such as clays, shales, and 
certain siliceous rocks, and pulverised fuel ash (or fly ash) (Lea 1970). 
 
To date, the most commonly used pozzolans are fly ash, silica fume, 
metakaolin, and ground granulated blast furnace slag (GGBFS), rice husk 
ash, silica fume, burnt clay or filler component such as limestone and other 
waste materials (Valix 2008).  Below are features of some pozzolans: 
 
(1)  Silica fume (SF) or micro silica is a by-product of producing silicon 
metal or ferrosilicon alloys.  Its use in most beneficial in concrete.  It 
is a very reactive pozzolan because of its chemical and physical 
properties. It is primarily amorphous (non-crystalline) silicon 
dioxide (SiO2).  The individual particle of an SF is extremely small, 
approximately 1/100th the size of an average cement particle.  
Because of its fineness, large surface area, and the high SiO2 
content, SF is very reactive pozzolan when use in concrete.  It is 
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claimed that concrete containing SF has a very high strength and 
very durable (Valix 2008).   
 
(2) Metakaolin is a dehydrolysed (or calcined) kaolinite clay material, 
which is traditionally used in porcelain production.  Its particle size 
is smaller than that of cement, but not as fine as SF.  Metakaolin is 
said to be twice as reactive compared with other pozzolans, and is a 
valuable admixture for concrete/cement applications.  It produces a 
concrete mix which exhibits favourable engineering properties 
including filler effect, acceleration of ordinary Portland cement 
(OPC) hydration, and pozzolanic reaction.   The filler effect is 
immediate, whilst  it would take a week or 2 for the pozzolanic 
effect to take place (Valix 2008). 
 
(3) Blast Furnace Slag (BFS) is a by-product from the pig-iron 
manufacturing in the blast furnace and is formed by the combining 
earthy components of the iron with and limestone flux.  The 
proportion of slag to iron ranges from 0.3-1.0 tons, and is 
dependent on the richness in iron of the ore and size and efficiency 
of the furnace.  The important components of BFS are lime, silica, 
and alumina at different proportions (Lea 1970). 
 
(4) Fly Ash (FA) is a by-product during the coal power generation and 
composed mainly of SiO2, Al2O3, Fe2O3, and CaO.  Fly Ash is usually 
classified at Class F if the first three components are greater than 
70%, whilst Class C otherwise (Qian, Shi et al. 2001).  Used 
extensively worldwide as a cement replacement material, fly ash is 
recognised as an important construction material because of its 
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environmental and engineering benefits.  It produces less heat of 
hydration, increase workability, and improve durability to chemical 
attacks such as chlorides and sulphates (Chaipanich and Nochaiya 
2010) 
 
2.6.2 Effect of Pozzolan on the Mineralogical Transformation of Cement 
Structure  
 
As discussed in the earlier sections, the stable hydrate C3AH6 that is formed 
during CAC conversion is the most susceptible to acid attack.  With the 
addition of pozzolan in the CAC, the formation of the said hydrate is 
avoided as studied by Mostafa, Zaki et al. (2012).  In their work, it was 
revealed that in a CAC-Pozzolan composite system, the main hydrated 
phases (CAH10 and C2AH8) can incorporate silica (from fly ash and silica 
fume as pozzolans), thus inhibiting conversion reactions, as shown by the 
following chemical equations: 
 
2 CAH10 + S  C2ASH8 + AH3 + 9H     (Equation 2.33) 
                       C2AH8 + S   C2ASH8                                 (Equation 2.34) 
 
The new compound formed C2ASH8 (chemical formula: Ca2Al2SiO7·8H2O) is 
called strätlingite compound and inhibits conversion of CAH10 to C3AH6.  
The hydrated form of stratlingite is called gehlenite C2AS. 
 
The above is concurred by an investigation done by Heikal, Radwan et al. 
(2004).  In their study on the influence of curing temperature on the 
physico-mechanical characteristics of CAC using slag, it was found out that 
there was a mineralogical transformation of CAC when blended with slag, 
as evident by results obtained from XRD and SEM.   Mineralogically, the 
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presence of slag arrested the conversion process of hexagonal CAC 
hydrates (CAH10 and C2AH8) to cubic CAC hydrate (C3AH6), but instead 
formed into stratlingite or gehlenite C2ASH8.  The addition of slag inhibits 
the formation of calcium-rich hydrates.  The presence of silica in slag 
produces the gehlenite, which effectively dispels Ca2+ ions from the pore 
solution, thus discourages the conversion of hexagonal hydrates to cubic 
hydrates.  As well, the chemical equations in Figure 11 give a view of how 
the transformation takes place. 
 
 
 
Figure 11:  Conversion reactions of CAC metastable hydrates to gehlenite 
 
Though there has been significant work devoted in examining the effect of 
addition of SCMs to CAC strength, work on the effect of stratlingite on the 
corrosive behaviour of CAC is scarce. 
  
2.6.2.1  Effect of Grinding Technique and Particle Size Distribution  
 
In a study on the particle size distribution (PSD) on the properties of 
blended cements  Binici, Aksogan et al. (2007) found out that PSD has 
effect on the compressive strength, sulphate resistance and heat of 
hydration of blended cement (i.e. CAC and pozzolan blend).  At the same 
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Blaine values, the PSD values of blended cement will depend on the 
different grindability characteristics of the material used.   Separate 
grinding, compared to intergrinding, produces finer cement specimens 
resulting to higher compressive strength, higher sulphate resistance, and 
higher percentage of cement that pass through various sieve sizes ranging 
from 5 to 20 m.  
 
This follows a mixing method reported by  Erdogdu, Tokyay et al. (1999). 
This study reported the incorporation of pozzolan into the CAC cement by 
grinding the mixture, which successfully suppressed conversion resulting in 
improved compressive strength of CAC.   
 
The rate at which cement hydrates is directly affected by the fineness of 
the cement (Nmai, Bell et al. 2001).  Finer cements give higher rate of heat 
generation and greater strength gain.  Coarser-ground cement with Blaine 
values between 250 and 280 m2 per kilogram tends to produce lower early 
strength than conventionally ground cement (Blaine value between 320 
and 400 m2 per kilogram). Further, it may affect the workability and 
bleeding of the concrete.  Higher fineness with Blain values over 400 m2per 
kilogram give an increase early strength and reduced bleeding. 
 
In their study of leaching kinetics of magnesite in citric acid solutions, 
Demir, Laçin et al. (2006), it was observed that the dissolution of 
magnesium from the magnesite ore increases with time and with 
decreasing particle size.  Such behaviour is due to an increased surface area 
per unit weight as the particle increases its size.   
 
2.6.2.2  Effect of Curing Temperature 
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Several studies found out that gehlenite could crystallize as a stable phase 
in the temperature range, 200C to 700C, with 400C as the optimum curing 
temperature.  Above 400C, more of the C3AH6 will form (Ding, Fu et al. 
1995) 
  
Study on the hydration of slag blended cements revealed that curing 
temperature affects the reactivity of slag in the cement.  Reactivity 
increases with increasing curing temperature (Escalante, Gómez et al. 
2001, Kolani, Buffo-Lacarrière et al. 2012).   
 
Heikal, Radwan et al. (2004), in their study about the influence of curing 
temperature on the physico-mechanical, and characteristics of calcium 
aluminate cements with slag, found out  that increasing the curing 
temperature enhances the proceeding conversion reaction to form the 
stable C3AH6 phase from the metastable phases (CAH10 and C2AH8).  The 
increase in slag content is directly proportional to CAC’s bulk density, but 
opposite effect on its porosity.  The bulk density values at curing 
temperature of 60oC is higher than those of 20oC and 40oC; whereas, the 
apparent porosity values are lower than the values obtained at 20oC and 
40oC. 
 
2.6.2.3    Effect of Water-Cement Ratio 
 
A low water-cement ratio (~0.4) in calcium aluminate cement hydrated at 
20C and 70C gives a dense microstructure and low porosity, whilst higher 
w/c ratio of 0.7 hydrated at the same temperatures resulted to poor 
microstructure with large pores (Scrivener, Cabiron et al. 1999).  A vivid 
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picture explaining the effect of w/c ratio is shown in Figures 2.12a and 
2.12b below under a backscattered electron microscope. 
 
Figure 2.12a : Microstructures of concretes at w/c 0.4, cured for 7 days at 
(a) 20C and (b) 70C. At this low w/c the microstructure remains dense 
after conversion. (Scrivener, Cabiron et al. 1999) 
 
 
Figure 2.12b: Microstructures of concretes at w/c 0.7, cured at (a) 20C 
and (b) 70C. At this w/c conversion results in a very porous 
microstructure (Scrivener, Cabiron et al. 1999) 
 
  
  
 
 
 
 
 
 
81 
 
2.6.2.4    Effect of Concentration of Pozzolan in the Mixture 
 
In their study on the anticorrosive effect of certain pozzolans in reinforced 
concrete in a marine environment, Kouloumbi, Batis et al. (1994) found out 
that addition of 30% fly ash in ordinary Portland cement rendered the most 
anti-corrosive protection as compared to 15% addition.  Among the 
pozzolans that they used – fly ash, Greek natural pozzolan and granulated 
blast furnace slag – fly ash performed well the most. The corrosion rate, 
using fly ash, decreased significantly.  The performance was related to the 
chloride content and the chloride binding capacity of the blended cements. 
 
A study on the hydration of slag blended cement by Escalante, Gómez et al. 
(2001) showed that reactivity of slag is reversely proportional to increase 
percentage slag replacement in the cement mixture.  As the slag 
replacement increases, the reactivity of the slag decreases. 
 
Further on the study conducted by Heikal, Radwan et al. (2004), they found 
out that at 20oC curing temperature, the compressive strength of CAC 
increases with increasing slag content up to 10% weight, then it decreases.   
Increased slag content results to an increase in bulk density values of CAC 
but a decrease in apparent porosity values.  An increase in compressive 
strength was observed on CAC made with slag. 
 
2.7 Effect of Pozzolans in the Corrosion Behaviour of CAC 
 
Work done by Bensted (2002) revealed that blends of ground granulated 
blast furnace slag (gbbs) with CAC at 50:50 slow down the conversion rate 
and give unnoticeable strength decrease up to at least a year, compared to 
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control paste of CAC. There is an abundance of strätlingite C2ASH8 that 
form in the slag pastes and appears to be a stable hydrate product.  
According to Majumdar, Singh et al. (1990), there were improvements in 
the sulphate resistance of the slag blends (BRECEMTM) in a 10-year study of 
the said product. 
Metakaolin, another type of pozzolan, can stabilise the strength of CAC-
metakaolin blends when stored under conditions that ordinarily 
accelerates the conversion reactions to C3AH6, i.e. being stored under 
water at 40C (Bensted 2002). 
 
A study on the corrosion resistance of reinforced mortar specimen 
(blended with high calcium fly ash and granulated blast furnace slag) 
exposed in a marine environment revealed a low corrosion rate. 
(Kouloumbi, Batis et al. 1994).   
 
In a detailed study about calcium aluminate cements, Scrivener (2003) 
explicitly mentioned that fly ash concrete can increase resistance to 
sulphate attack compared with a similar grade of CEM I concrete.  The 
deterioration of concrete due to penetration of sulphates is a result of the 
expansive pressures originated by the formation of secondary gypsum and 
ettringite (or 3CaO.Al2O.3CaSO4.32H2O or tricalciumsulfo-aluminate 
hydrate or CaAS3H32).   From this view, the addition of fly ash into the 
concrete is beneficial, as it reduces pore size, thus slowing the penetration 
of sulphate ions.    As well, the smaller pore size of fly ash concrete reduces 
the volume of the ettringite that may be formed during hydration.  This is 
also confirmed by the work done by Saraswathy and Song (2007) when fly 
ash replaced concrete was observed to  have low permeability, hence an 
improved corrosion resistance of the said concrete. 
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Citing the benefits of the use of slag and of fly ash, Bijen (1996) stated that 
concretes with fly ash or slag are more resistant to chemical attack than 
concretes without them. Portland Cement was used in the test.  Figure 
2.13 displays the comparison of concrete with and without slag or fly ash in 
terms of the surface deterioration in time.  As can be deduced, the 
decrease in free lime and increase in gel content are the reasons behind 
this. 
 
Figure 13: Surface deterioration of concrete as a function of time upon 
immersion in strongly aggressive carbon dioxide-containing water of 
100L/g of lime solving CO2: PC = Portland Cement; TrC = Trass Portland 
Cement; HOC = Portland blast furnace slag cement (Bijen 1996). 
 
The work of Pavlík and Unčík (1997) in determining the rate of corrosion of 
hardened cement pastes and mortars with additive of silica fume in acids 
indicated that addition of the said pozzolan led to a low corrosion rate and 
low weight loss of the cement mortars. 
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2.8 Summary of findings from Literature Review 
 
Sewer corrosion is said to be influenced by microbially-induced corrosion 
(MIC).  It is a result of the microbial activities of heterotrophic and 
chemolithotropic bacteria as well as fungi (Satoshi Okabe (2006); Valix 
(2008), and Parker (1951)).  These kinds of microorganisms grow in sewers 
and consequently produce hydrolyses gases and other metabolic products 
such as organic acids. Among these aforementioned microorganisms, 
however, only sulphur-reducing bacteria (SRB), sulphur-oxidising bacteria 
(SOB), and nitrifying bacteria (NB) are linked to sewer pipe corrosion (Valix 
2008) and have vital roles in the degradation of cement. Further, they grow 
sequentially in sewers at various pH ranges.  At pH 11-14, the main 
corrodents are hydrolyses gases such as sulphuric acid.  It is at this pH 
where carbonation reaction occurs, and sufficient for the growth of 
neutrophilic bacteria. Dropping the pH to 9.0 will encourage fungal growth, 
producing organic acids such as citric acid.   At pH 4.0, both fungi and 
neutrophilic bacteria co-exist; going down to pH 0.9 would promote the 
growth of SOB, whilst NB will die down.  At this pH, sulphuric acids, 
hydrolysis gases and organic acids from fungi (whose growth is limited for 
pH < 2.0) will be present. 
 
Calcium aluminate cement (CAC) as the more preferred cement over 
Portland cements in structures is well recognised because of the former’s 
special properties such as rapid hardening, resistance to high temperatures 
and temperature changes, resistances to chemical attack and to impact 
(Scrivener 2003).   CAC’s resistance to biogenic acid attack is attributed to 
its acid neutralisation capacity (ANC), wherein hydrated CAC has a two-
phase response to acid.  At pH>4, the initial products will be insoluble, 
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producing a barrier effect, i.e. dissolution of CAC’s calcium components of 
other hydrates would lead to the precipitation of Al(OH)3 gel.  This gel acts 
as a diffusion barrier and has the ability to fill in the pores, thus effecting 
slow acid attack.  Chemically, this event can be explained by, 
 
C3AH6 + 6H
+  3Ca2+ + 2Al(OH)3 + 9H2O                                   (Equation 2.35) 
 
The alumina hydrate dissolves at pH < 3.5 and neutralises more acid and 
releasing more Al3+, 
Al(OH)3 + 3H
+  Al3+ + 3H2O                                                        (Equation 2.36) 
 
Overall, CAC’s neutralising capacity can be summarised by Equation 3 
below (Scrivener, Cabiron et al. 1999).  It shows that the progressive 
dissolution of alumina gel can provide higher degree of protection to the 
interior of the concrete given a full acid strength: 
 
C3AH6 + 2AH3 + 24H
+  3Ca2+ + 6Al3+ + 24H2O                       (Equation 2.37) 
 
The chemistry of hydration and conversion of CAC have been studied by 
authors such as Scrivener (2003), Bensted (2002), Bradbury, Callaway et al. 
(1976).  They agree that the CAC, when hydrated, undergoes a chemical 
process which is initiated when calcium ions (Ca2+) and aluminate ions 
(Al3+) are dissolved in water to give a solution.  These ions can combine as 
several types of hydrates such as CAH10, C2AH8, C3AH6, and AH3.  The 
formation of these hydrates is dependent on temperature as shown below: 
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Both CAH10, C2AH8 are often referred to as metastable phases because they 
exist at intermediate temperatures, and will eventually convert to the 
stable phase which is C3AH6, and AH3 (Scrivener, Cabiron et al. 1999).  As 
well, the metastable hydrates are responsible for the shrinkage of the 
hydrated CAC, whilst formation of stable phases C3AH6 and AH3 results to 
increase in porosity in CAC structure and release of more water, which 
leads to deterioration in strength (Scrivener 2003).  Also, both C3AH6 and 
AH3 are the most susceptible to acid attack (Valix 2008). 
 
Works by Bradbury, Callaway et al. (1976), Neville (1975) and Scrivener, 
Cabiron et al. (1999) studied the negative effects of conversion on CAC.    
Changes in morphology and mineralogical structure of the hydrates are 
highly influenced by conversion.  Also, increase in porosity is a concern 
because it results to a decrease in molar volume of the solids present in 
CAC and thus associated with the decrease in CAC’s mechanical strength.  
Though CAC may have a high strength initially, but it loss it with time 
(Neville 1975). 
 
To address the problem of CAC in its conversion, studies on the addition of 
certain pozzolans such as fly ash, slag, metakaolin, and silica fume, were 
conducted by Majumdar and Singh (1992), Cong and Kirkpatrick (1993), 
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Midgley and Bhaskara Rao (1978), and Valix (2008).  They agree that 
pozzolanic addition to calcium aluminate cements improves their 
properties.  Pozzolan addition will promote the formation of gehlenite 
(C2ASH8), instead of the CAC hydrate C2AH8, which will eventually convert 
to C3AH6 as shown by the below chemical reactions: 
     S 
2 CAH10 ----> C2ASH8 + AH3 + 9H                                                    (Equation 2.38) 
 
CAH10 + CSH ----> C2ASH8 + 3H                                                       (Equation 2.39) 
 
CAH10 + CSH ----> C2ASH8 + 2H                                                      (Equation 2.40)  
                 S 
C2AH8  ----->   C2ASH8                                                                    (Equation 2.41) 
 
C2AH8 + 2CSH + AH3 + 3H ----> 2C2ASH8                                   (Equation  2.42) 
 
                         S                                                     
C2AH8 + AH3 ----->  2C2ASH8 + 3H                                              (Equation 2.43) 
 
 
 
Though there has been significant work devoted in examining the effect of 
addition of pozzolans to CAC strength, work on the effect of stratlingite on 
the corrosive behaviour of CAC is scarce. 
 
Thus, this thesis tries to fill in the gap by studying the performance of CAC-
pozzolan blended cement in a corrosive environment. This study will cover 
the following: 
 
1. Mineralogical and morphological impacts on CAC during conversion; 
2. CAC performance during corrosion; 
3. Mineralogical and morphological impacts on CAC when pozzolans 
are added;  
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4. Effect of pozzolan during CAC conversion; 
5. Performance of CAC-pozzolan  blends in corrosion   
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3 EXPERIMENTAL METHODOLOGY 
 
3.1 Preparation of CAC Mortar Specimen 
 
Sewpercoat is the brand name of the calcium aluminate cement (CAC) that 
was used in this study. It was sourced from Kerneos Australia.  It must be 
noted, however, that Kerneos’ a 20 kg sack of Sewpercoat is composed of 
35% CAC and 65% aggregates. 
 
3.1.1 Water to Cement Ratio 
 
Recommended water to cement ratio per manufacturer’s instruction was 
0.40 (i.e. 2.4 to 2.8 L of water per 20 kg of CAC). 
 
For the study on the effect of conversion, CAC cores were prepared using 
water/cement ratio of 0.4, and poured into 2 X 4 inch stainless steel mould, 
compacted on the steel moulds and the surface smoothed manually. The 
hardened cylindrical cores had dimensions of 5.0 cm in diameter and 10 cm 
in length. 
 
Study on the effect of pozzolans in conversion of CAC was achieved 
experimentally by using fly ash (FA) as pozzolan.  The fly ash was sourced 
from a power station. The specimens were made by replacing CAC with 
5wt% and 25 wt% FA to the premixed CAC mortar consisting of cement and 
aggregates.   The blended cores were prepared using water/cement ratio 
of 0.4 and poured into a 70 ml PP container, compacted and the surface 
smoothed manually.  In the water/cement ratio, "cement" represents the 
mass of cement and fly ash.  Both of the pozzolans were sourced from the 
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University Of Sydney School Of Civil Engineering.  The hardened cylindrical 
cores had dimensions of 4.2 cm in diameter, and 3.7 cm in length. 
 
For the study on the effect of pozzolan in corrosion behaviour of CAC, only 
fly ash was used as pozzolan, with 5% and 25% fly ash in the blend. 
 
The aforementioned preparation was done at Lab 370 at J01 Chemical 
Engineering Building at the Darlington Campus of The University of Sydney. 
 
3.1.2 Method of Grinding and/or Mixing 
 
Both intergrinding and separate grinding methods were used in blending 
and mixing the samples that were done using a Retsch planetary ball mill 
PM 100 CM (Figure 3.1) at 500 rpm.  Intergrinding was done by grinding 
together the known weights of pozzolan and of CAC using the ball mill for 
2-3 minutes.  Separate grinding, on the other hand, was done by grinding 
the known weight of pozzolan and of CAC separately, and then manually 
mixing them together for 2-3 minutes.  A known weight of water was 
added to CAC, mixed, and compacted.   
                             
Figure 3.1:  The ball mill used in grinding the CAC-pozzolan blended 
specimens 
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The ball mill is located at Lab 370 inside J01 Chemical Engineering Building 
at the Darlington Campus of The University of Sydney. 
3.1.3 Curing Conditions 
 
The cylindrical cores that were produced in Section 3.1.1 were cured at 
varying temperatures. 
 
For the study on the accelerated conversion on CAC, the cores were 
initially cured for 24 hours at 30oC and 99% relatively humidity.  After 24 
hours, the cores were demounted and cured under water at 30oC for next 
28 days,  using an enclosed water bath vessel WiseBath supplied by 
Australia’s All-Lab Scientific (Figure 3.2).   On the 28th day, the specimens 
were cured in water at 100oC for 2 hours. 
 
For the study on the effect of pozzolans and curing temperatures in the 
mineralogy of CAC, the cores were initially cured at 30oC for 24 hours at 
99% relative humidity; The next day, the specimens were demounted, and 
subsequently cured under water using the aforementioned water bath 
equipment at controlled temperatures of 30oC and 60oC, each water bath, 
for 28 days.  On the 28th day, the blended specimens were cured in water 
at 100oC for 2 hours. 
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Figure 3.2:  The water bath used in curing the cylindrical core samples 
 
The water baths are located at Labs 370 and 461 at J01 Chemical 
Engineering Building at the Darlington Campus of The University of Sydney. 
 
A summary of the conditions used in the preparation of the sample cores 
are shown by Table 3.1: 
 
Table 3.1: Pozzolan Composition and Curing Temperature for  
CAC-pozzolan blends  
Curing Temperatures 
(C) 
Curing Period 
(days) 
Pozzolan 
Content (%) 
30C 
28 
28 
28 
0 (control) 
5 
25 
100oC 
2 hours 
2 hours 
2 hours 
0 (control)  
5%  
25% 
 
3.2 Characterisation of Calcium Aluminate Cement 
 
3.2.1 Elemental Composition of CAC (XRF) 
 
The X-Ray Fluorescence (XRF) Spectroscopy is used to determine the 
composition of elements in a sample.  In characterising the calcium 
aluminate cement (CAC) in this experiment, the XRF instrument used was 
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located at the XRF Facility of UNSW Mark Wainwright Analytical Centre in 
Kensington NSW.   
 
A source of X-rays in XRF ejects electrons from the inner shells of the atoms 
of the sample, with the X-rays either absorbed by the atom or scattered 
through the material.  The absorption process, often referred to as 
"photoelectric effect" happens wherein the X-ray is absorbed by the atom 
by transferring all of its energy to an innermost electron.  During this 
process, when the primary X-ray has sufficient energy, electrons are 
ejected from the inner shells, creating vacancies or voids.  When an outer 
shell electron fills in the void created in the inner shell, an X-ray 
characteristic of that atom is emitted.  This process then is called 
"fluorescence."  Each element has its own characteristic energy and can 
thereby be identified by the wavelength of the X-ray.  The intensities of the 
X-ray lines are proportional to the concentration of the elements.  Primary 
fluorescence is a fluorescence that results from the exciting beam of X-ray 
photons, producing the characteristic radiation of an element or elements.  
Secondary fluorescence occurs when the characteristic radiation produced 
in turn induces the characteristic radiation of another element in the 
sample.  Tertiary fluorescence occurs when the characteristic radiation of 
the secondary fluorescence results in the production of a characteristic 
radiation of a third element (Institute 2007).   
 
3.2.2 Porosity and Density 
 
The density and porosity of calcium aluminate cement (CAC) and CAC with 
pozzolan were determined using the procedures stipulated in ASTM 
Standard C373 - 88(2006) "Standard Test Method for Water Absorption, 
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Bulk Density, Apparent Porosity and Apparent Specific Gravity of Fired 
Whiteware Products".  The CAC cores produced in Section 3.1.1 were 
tested using following steps: 
 
 Weigh the dry core ( W1 ); 
 Put the core inside the water, and let it stand on the bottom of the 
container until no air or bubbles are seen coming out of it: the core 
is now saturated with water; 
 When the core becomes water-saturated, move the container with 
water (and the core on the bottom) on the weight scale and 
measure the weight (p1); 
 Use a pair of pliers or thongs to lift the core from the bottom, and 
keep it suspended in water and completely below the water level -- 
taking care that the pliers or thong will stay as much as possible out 
of the water -- and measure weight (p2) ; 
 take the core out of the water, let it quickly drip inside the 
container and weight the container with only water (the core 
should now be out of the container, on the desk), recording weight 
(p3) 
 As an option, weigh the core you just took out from water, 
recording (p4). 
 
Using equations, dry weight was designated as W1, weight of the ceramic 
body in water was W2 = p2 - p3, weight of the water-saturated ceramic 
body is W3 = p1 - p3 = p4. It should be noted that p1 must always be the 
largest measurement, and p3 the smallest one, i.e. p1 > p2 > p3. 
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3.2.3 Thermogravimetric Analysis (TGA) 
 
Thermogravimetric Analysis (TGA) is a technique where the change in mass 
of a substance is measured as a function of temperature, whilst the 
substance is subjected to a controlled temperature programme.  The 
temperature programme must be taken to include holding the sample at a 
constant temperature, T, other than the ambient, when the change in 
mass, m is measured against time, t.  Loss in mass is only seen if a process 
occurs where a volatile component is lost (Heal 2007). 
 
For this study, the degradation temperature of a specific structure is 
considered as unique to a temperature range (Table 2.5 in Section 2.3.5.2).  
An alternative to TGA analysis is called the Derivative Thermal Analysis 
(DTA).  The term itself means that it is simply a derivative of the TGA 
(dm/dT or dm/dt).   
 
A portion of the core that was produced in Section 3.1 was tested using the 
instrument Perkin Elmer TGA 4000 (Figure 3.3).  The temperature 
programme used is 50.00°C to 500.00°C at 10.00°C/min, with an N2 gas 
flow rate of 20 ml per minute.   The instrument is located at Lab 370 at J01 
Chemical Engineering at the Darlington Campus of The University of 
Sydney. 
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Figure 3.3: Perkin Elmer®TGA 4000 used for the thermal analysis of the 
specimens 
 
 
3.2.4 X-Ray Diffraction (XRD) 
 
The X-ray Diffraction (XRD) is an essential method in identifying the 
crystalline structure of materials.  In this experiment, XRD was used to 
validate the hydrates and the corroded structure found in the TGA.  
Theoretically, the XRD method begins with the inter-atomic distance in a 
crystal being on the scale of the X-rays.  Whilst this happens, the bound 
electrons act as a diffraction grating.  The XRD gives the distance of regions 
of highest electron density, which is the distance from one crystal to the 
next. That distance is called the d-spacing, which can be determined using 
the Bragg Law (Lu and Schüth 2006), which states that, 
 
               n = 2d sin                                                                 (Equation 3.1) 
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Where:  = wavelength of the X-ray; n = integer number; d = distance 
between adjusted crystal planes; and  = Bragg angle 
 
According to Lu and Schüth (2006), the techniques for XRD include a single-
crystal and powder XRD.  Because most mesoporous materials do not 
exhibit crystalline structure on an atomic scale, and that their crystal sizes 
are usually in the range between 1 and 2 m, their structure are best 
detected by XRD.  From the XRD results, the peak width represents the 
crystallisation of material. This peak shows the texture and peak location 
which correspond to lattice spacing, d.  The XRD equipment used in the 
experiments was the XRD Siemens D5000 (Figure 3.4) located at the 
Australian Centre for Microscopy and Microanalysis of The University of 
Sydney, Australia.  The equipment has a scan range of 1-150 angles.  
Conditions for setup include 2-Theta angle between 2 and 90 angles, step 
size of 0.04, with step time of 1s.  
 
  
Figure 3.4:  XRD Siemens D5000 (a); photo (b) is the internal view of the 
equipment (Photo courtesy of Australian Centre for Microscopy and 
Microanalysis, The University of Sydney, Australia) 
 
a 
b 
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A small portion of the core samples produced in Section 3.1 was milled into 
powder forms and analysed through XRD. 
 
3.2.5 Scanning Electron Microscopy – Integrated EBSD and EDS System 
 
The scanning electron microscopy (SEM) has been widely used by 
researchers as a method in understanding cement and concrete 
microstructures (Scrivener 2004).  Visualisation of representative cross-
section over a wide range of magnifications and reproducible contrast 
dependant on atomic number are among the many advantages BEM can 
offer.   
 
The BEM works in such a way where electrons (a.k.a. backscattered 
electrons) from the incident beam are scattered through large angles so 
that they re-emerge from the specimen.  These electrons have higher 
energy than the secondary electrons, thus they are detectable from greater 
depths (Figure 3.5), resulting to lower resolution of the BSE images 
compared to secondary electron images.   The atomic number of the local 
area of the sample gives the intensity of the BSE signal.  Topographic 
contrast is effectively eliminated because of the flat polished sections and 
coupled detectors on either side of the beam.   Such reproducible contrast 
makes BSE imaging a valuable technique.  
 
Wright and Nowell (2005) noted that Energy Dispersive Spectroscopy (EDS) 
is an established technique used in characterising chemical composition of 
materials.  The Electron Backscatter Diffraction (EBSD), on the other hand, 
aids in the identification of the phases present in the material, and 
provides spatial mapping of crystallographic orientation in polycrystals.   
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The combination of EDS and EBSD, hence, improves both phase 
identification and orientation mapping. 
 
 
       
Figure3.5: Signal generation in the SEM. Secondary electrons are detected 
from close to the surface, electrons are backscattered from a somewhat 
greater depths and characteristic X-Rays are generated throughout the 
interaction volume of the electrons with the specimen (Scrivener 2004) 
 
 
The SEM instrument (Figure 3.6) that was used in this study was the Zeiss 
ULTRA plus with Oxford Instruments Aztec integrated EDS and EBSD 
system.  The instrument is located at the Australian Centre for Microscopy 
and Microscopy (ACMM) at the Camperdown Campus of The University of 
Sydney.   
 
A portion of the core samples that were produced in Section 3.1 was used 
in the said technique.  Specimen preparation, including polishing, silver and 
carbon coatings was also done at the Material Preparation Laboratory of 
the ACMM. 
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Figure 3.6: SEM instrument Zeiss ULTRA plus located at the Australian 
Centre for Microscopy and Microscopy (ACMM) at the Camperdown 
Campus of The University of Sydney. 
 
 
3.2.6 Acid Neutralising Capacity (ANC) 
 
The acid neutralising capacity (ANC) is a method used in measuring the 
ability of a material to neutralise acid.  It is considered to be an important 
element for coatings in acidic environment.   The ANC is based on British 
Standards: DD CEN/TS 15364:2006 (Characterisation of Wastes - Leaching 
Behaviour Tests - Acid and Base Neutralisation Capacity Test) which 
involves extraction of sample particles smaller than 1 mm (<1 mm) for 48 
hours with a range concentrations of nitric acid.  Other standards used is 
CEN/TS 14429:2005 (Characterisation of Waste - Leaching Behaviour Tests - 
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Influence of pH on Leaching With Initial Acid/Base Addition) as well as 
CEN/TS 14997 (Characterisation of Waste - Leaching Behaviour Tests - 
Influence of pH on Leaching with Continuous pH Control) (Zamri 2012). 
 
A portion of the CAC specimens that were produced in Section 3.1 was 
milled using Retsch planetary ball mill PM 100 CM (Figure 3.1).  The milled 
CAC sample required was 1 gram for each ANC sample prepared.    
 
The ANC samples were prepared with acid to water ratio of 10.  Known 
amounts of 70% nitric acid from Chem-Supply were added to respective 
sample bottles (See Table 3.2).  The said samples were placed in a universal 
flatbed shaker (Figure 3.7) at 150 rpm.  The said shaker is located at Lab 
461 at the J01 Chemical Engineering Building at the Darlington Campus of 
The University of Sydney. 
 
 
Figure 3.7: Universal Flat Bed Shaker used for the ANC test of the 
specimens 
 
 
At selected time intervals, the pH of the samples was measured using pH-
temperature probes coupled with a HNH19143 meter. According to 
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standard    CEN/TS 14997 and CEN/TS 14429, the differences in the pH 
between the samples at 44 hours and 48 hours were less than 0.3.  Then 
the samples was centrifuged, filtered, and further analysed using ICP. 
 
Table 3.2:  Composition of ANC samples 
(MW of HNO3 = 63 g/mol; Density of HNO3 = 1.42 g/ml) 
Volume of 70% HNO3 
(ml)  
Mass of 70% 
HNO3(g) 
Mass of Water 
(g) 
0.15 0.21 9.85 
0.30 0.43 9.70 
0.40 0.57 9.40 
0.45 0.64 9.55 
0.48 0.67 9.52 
0.50 0.71 9.50 
0.55 0.78 9.45 
0.60 0.85 9.40 
0.71 1.01 9.29 
0.80 1.14 9.20 
0.90 1.28 9.10 
1.00 1.42 9.00 
 
3.3 Accelerated Conversion Test for Calcium Aluminate Cement 
 
Accelerated conversion test for the calcium aluminate cement (CAC) and 
CAC-Pozzolan blends was achieved based on the findings by (Scrivener, 
Cabiron et al. 1999, Heikal, Radwan et al. (2004)) and Fryda, Charpentier et 
al. (2008). The use of high temperatures, from 30oC to 80oC and higher, to 
accelerate the process of conversion has been demonstrated both in the 
laboratory and field studies by the aforementioned authors.  
 
The CAC and CAC-Pozzolan blended specimens were allowed to be 
immersed in a water bath at 100C using the equipment WiseBath® Fuzzy 
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Control System.  This was done up to two (2) hours, or until full conversion 
of the CAC hydrate C3AH6 was achieved.   
 
Small portions from the fully converted specimens/ cores mentioned above 
were subjected using Perkin Elmer Thermo Gravimetric Analyser TGA 4000 
for thermal analysis.  The said samples were heated from 50C to 500C.  
Analysis of the data was done thru the Pyris® Software and Microsoft Excel. 
 
As mentioned in earlier sections, the water bath and TGA were located at 
Lab 370 at J01 Chemical Engineering Building at the Darlington Campus of 
The University of Sydney. 
 
3.4 Accelerated Chemical Leaching Test  
 
3.4.1 Batch Leaching Tests and Apparatus Assessment of Corrosion 
 
The accelerated chemical leaching test is an immersion test that is slightly -
modified from ASTM C267-01 (2006) Standard Test Methods for Chemical 
Resistance of Mortars, Grouts, and Monolithic Surfacings and Polymer 
Concretes.  The test was conducted to assess the performance of partially 
converted CAC, fully converted CAC and fully converted CAC blended with 
pozzolan in an acidic environment.  The CAC and CAC-Pozzolan Blended 
specimens that were produced in Section 3.1 were immersed in sulphuric 
acid and citric acid at different concentrations and at controlled 
temperatures using water bath (WiseBath Fuzzy Control System - Figure 
3.2).  Both sulphuric and citric acids used were sourced from Chem-Supply. 
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Table 3.3: Experiment Matrix for Accelerated Chemical Leaching Test for 
CAC 
Acids Concentrations g/L Temp(C) 
Sulphuric Acid 
1% 10 30 
5% 50 30 
10% 100 30 
10% 100 35 
10% 100 45 
Citric Acid 
1% 10 30 
5% 50 30 
10% 100 30 
10% 100 35 
10% 100 45 
 
3.4.2 Weight Loss 
 
Weight loss was determined following the principle of saturated surface 
dry (SSD) method (Department of Transportation 1999).  In this method, 
CAC core was immersed in an acidic solution at a certain temperature 
(Table 3.3 - Experimental Matrix for Accelerated Chemical Leaching) for a 
certain period of time (in days). For each time interval selected, the core 
was retrieved from the acid solution, dried it with paper towel until surface 
was dry, and the SSD weight of the core was determined using the AND GF-
4000  balance (Figure 3.8) and results were recorded. The loss of weight 
is calculated by subtracting the current weight from the preceding weight 
obtained.   
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Figure3.8: Weighing Balance used in determining weight loss of corroded 
CAC and CAC-Pozzolan blended specimens 
 
 
3.4.3 Thickness Loss 
 
After the saturated surface dry (SSD) weight was determined in Section 
3.2.1, thickness or diameter of the core was measured and recorded using 
the Supatool vernier calliper (Figure 3.9).  At least five measurements 
were obtained at different points in the core.  The loss in thickness or 
diameter was calculated by subtracting the current measurement from the 
previous one divided by two. 
 
                    
Figure 3.9: The vernier calliper that was used in measuring the thickness 
lost by corroded CAC and CAC-Pozzolan blended specimens at different 
times 
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3.4.4 Surface pH 
 
After determining weight and thickness losses, surface pH was measured 
and recorded using digital pH meter and Metrohm LL Flat Membrane 
Electrode No. 6.0256.100.  
 
3.4.5 Temperature and pH of the Acid Solution 
 
The temperatures and pH of the acid solutions were monitored with pH-
temperature probes couples with a HNH19143 meter.  Additional acids 
were added to adjust and maintain the pH. 
 
3.4.6 Dissolution of the Al Metal 
 
The amount of the Al metal dissolved from CAC was measured by using the 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES).  The 
ICP-AES is an analytical technique used to identify trace elements by 
emission spectroscopy.  This technique employs the inductively coupled 
plasma to produce atoms and ions that give off electromagnetic radiation 
of varying wavelengths.  Each element in the Periodic Table has a 
corresponding wavelength, and the detector within the ICP-AES detects 
this wavelength, as well as its intensity. Thus this instrument calculates the 
amount or concentration of each element present within a sample. 
Further, it has the ability to do 108 counts per second per atom (Dean 
2005). 
 
The process commences from the flame that is generated by ionising argon 
gas and running the same gas through an intense magnetic field.  The 
flame/gas is in the range of 45000 – 8000 K, whilst the temperature of the 
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electron is between 8000 and 11000 K.  The current that passes through 
the load coils generates a magnetic field which induces a current in the 
argon gas stream.  At this instant, the plasma is formed when the argon gas 
is seeded with energetic electrons.  The vaporisation-atomisation is 
conducted in a nearly chemically inert environment (Zamri 2012).  The 
plasma emission from the torch is focussed using a series of mirrors.  A 
collimating mirror directs the light beam onto an Echelle grating.  At this 
point, the grating diffracts the monochromatic light into its constituent 
wavelengths, and thus the constituent wavelength orders (Zamri 2012).  
From the prism, the resulting beam forms a two dimensional image known 
as the Echellogram which shows a cascade of varied wavelengths from 167 
to 785 nm.  Then a camera mirror focusses this image onto an extremely 
sensitive detector chip which is cooled to -35C to improve accuracy.  
Finally, the ICP-AES software calculates the amounts or concentration of 
each element present in the sample based on the wavelength patterns on 
the detector chip (Zamri 2012).  The machine used in this study is ICP 
Atomic Emission Spectrometer Series Varian 720-AES (Figure 3.11).  Figure 
3.10 shows the system optical diagram of ICP-AES. The ICP standards used 
for this study are shown in Table 3.4. 
 
 
Figure 3.10:  Lay-out of optical system for ICP-AES (Barnard, Crockett et 
al. 1993) 
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Table 3.4:  ICP Standards Used in the Study 
 Concentration (parts per million) 
 Al (396.152) Ca (396.847) Fe (238.204) 
Standard 1 0.15625 3.125 0.15625 
Standard 2 0.3125 6.25 0.3125 
Standard 3 0.625 12.5 0.625 
Standard 4 1.25 25 1.25 
Standard 5 2.5 50 2.5 
Standard 6 5 100 5 
 
 
Figure 3.11:  ICP Atomic Emission Spectrometer Series Varian 720-AES 
(Photo courtesy of Australian Centre for Laboratory Services (ACLS), The 
University of Sydney, Australia) 
 
 
 
 
 
 
 
 
                      
 
 
 
 
Figure 3.12: Auto Dilutor device used for 1000X dilution of 
samples for ICP-AES analysis (Photo courtesy of Australian Centre 
for Laboratory Services (ACLS), The University of Sydney, Australia) 
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ICP Standards used in this experiment were prepared using 2% Nitric Acid.  
With the help of an Auto Dilutor (Figure 3.12), 1 ml of sample was 
withdrawn from the acid solution, then diluted to 1000 ppm using 2% nitric 
acid. The calibration curve (found in Chapter 7 – Appendix) produced from 
standard was used to identify unknown concentration of aluminium, 
calcium, and iron in the samples. 
 
At selected time intervals, about 1 ml of the solution was taken for analysis 
of dissolved metals (Al, Fe, and Ca) using Varian (Model 720) Inductively 
Coupled Plasma Atomic Emission Spectrometry equipment (ICP-AES). 
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4 RESULTS AND DISCUSSION 
 
4.1 Introduction 
 
Calcium aluminate cement (CAC) is used as a protective lining to combat 
attack by microorganisms and their metabolic products on reinforced 
concrete sewer pipes.   
 
The conversion of calcium aluminate cement will transform the mineralogy 
from metastable phases (CAH10 and C2AH8)  to stable phases (C3AH6) 
(Bradbury, Callaway et al. 1976, Scrivener, Cabiron et al. 1999, Chotard, 
Gimet-Breart et al. 2001, Juenger, Winnefeld et al. 2011) and will result in 
increased porosity (Bradbury, Callaway et al. 1976, Juenger, Winnefeld et 
al. 1996, Chotard, Gimet-Breart et al. 2001). Both these may have an 
impact on the rates of corrosion of CAC in sewers. Although the rates of 
conversion of CAC in sewers are considered slow, the potential lack of 
control over the corrosion rates of CAC is of concern in protecting major 
water utility assets.  
 
The process of CAC conversion has been suggested to be overcome by the 
use of supplementary cementitious materials or pozzolans. Several studies 
have been conducted in improving the corrosion resistance of high alumina 
cement (Majumdar and Singh 1992, Collepardi, Monosi et al. 1995, Ding, 
Fu et al. 1995, Fu, Ding et al. 1996, Hidalgo López, García Calvo et al. 2008, 
Pacewska, Wilińska et al. 2011, Palou, Bágeľ et al. 2013) and in improving 
compressive strength of high alumina cement by blending  cement with 
pozzolans  (Majumdar and Singh 1992). Their use in CAC and their impact 
on corrosion resistance has not been conducted. 
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This study examined the conversion of calcium aluminate cement, its 
impact on CAC mineralogy and reactivity to corrosion. This was conducted 
with the aim of developing mitigation strategies to overcome the effects of 
conversion on CAC reactivity using fly ash as supplementary material. A 
systematic examination of CAC will be conducted by characterisation of 
CAC using elemental analysis, acid neutralisation capacity, hydration and 
conversion by accelerated method, porosity, density, and accelerated 
chemical leaching. The results from these tests will be analysed by 
employing techniques such as acid neutralisation capacity, X-ray 
fluorescence spectroscopy (XRF), thermal analysis (TGA), X-Ray diffraction 
(XRD), and scanning electron microscopy with integrated  Electron 
Backscatter Diffraction (EBSD) and Energy Dispersive Spectroscopy (EDS) 
analysis. 
 
4.2 Characterisation of CAC Mortar and Fly Ash 
 
The chemical properties of the materials used in this study are described 
below.    The materials used are calcium aluminate cement (CAC) and fly 
ash. The mortar used is 100% CAC consisting of CAC cement and 
aggregates of graded CAC clinker aggregates.  The fly ash was obtained 
from a power station.  Two analytical techniques were used to analyse the 
un-hydrated CAC and fly ash.  X-ray Fluorescence Spectroscopy (XRF) was 
used to establish the elemental composition of CAC and acid neutralisation 
capacity (ANC) was used to reflect the acid resistance of the various CAC 
components. The ANC is a useful analytical technique in characterising 
materials such as CAC, which contains the hydrates that resist acidification 
at specific pH levels. The ANC method employed in this experiment was 
adopted from European Committees CEN/TS 11429 and CEN/TS 14997. The 
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ANC indicates the amount of acid that is required to change the pH of the 
cement components, thus providing information on the composition of 
CAC.   
 
4.2.1 Elemental Analysis of CAC Mortar and Fly Ash  
 
The elemental components of CAC and fly ash are shown in Table 4.1  As 
shown the main components of CAC are  Al2O3 > CaO > Fe2O3 > SiO2.  The 
fly ash was largely made up of 79.1% SiO2 with minor components of Al2O3, 
CaO and Fe2O3. The SiO2 in fly ash has been considered to have the 
pozzolanic properties (Collepardi, Monosi et al. 1995, Ding, Fu et al. 1995, 
Hidalgo López, García Calvo et al. 2008, Bensted and Smith 2011) which will 
be examined in this study.   
 
Table 4.1 Chemical composition of CAC Mortar and Fly Ash  
Oxides 
(wt%) 
Calcium 
Aluminate 
Cement 
Mortar 
Fly Ash 
Al2O3 41.3 6.86 
CaO 37.4 9.53 
Cr2O3 0.13 0.06 
Fe2O3 9.54 2.03 
K2O 0.3 0.18 
MnO 0.12 0.05 
MgO 0.3 1.8 
NiO 0.137 0.114 
SiO2 6.97 79.1 
TiO2 1.93 0.36 
V2O5 0.05 -- 
ZrO2 0.14 -- 
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4.2.2 Acid Neutralisation Capacity (ANC) 
 
The ANC curve was obtained by plotting the steady state pH as a function 
of the quantity of acid added to change the pH (Glass and Buenfeld 1999). 
Pre-determined quantities of nitric acid and of water was added to a gram 
of powdered CAC sample (total volume of liquid being 10 ml). The pH was 
measured on each sample using a calibrated pH-temperature probes 
coupled with a HNH19143 meter.  Measurements were conducted at room 
temperature and pH measurements were taken at different time intervals 
until pH levels were within ±0.3. 
 
The ANC  curves as shown in Figure 4.1 shows the total capacity of CAC to 
neutralise  nitric acid is between 40 and 50 mM H+ / gram of CAC (Zamri 
2012). This was determined at the acid concentration required to drive the 
pH to 0.0.  
 
Figure 4.1: Acid Neutralisation Capacity (ANC) of CAC Mortar (Zamri 2012)  
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Figure 4.1 also shows CAC has two neutralisation region, the first between 
10.35 -10.61 and at pH 4.04-3.64. These results are consistent with the 
findings of Scrivener, Cabiron et al. (1999).  The resistance to pH change 
around pH 10.5 is attributed to reaction of CAC hydrates to acid attack. An 
example is shown in Equation 4.1.  
 
C3AH6   +   6H
+    3Ca2+   +   2Al(OH)3   +   9H2O                  (Equation 4.1) 
 
The pH resistance  around 4.0 is attributed to the acid attack of Al(OH)3 gel 
(Equation 4.2.), which provides a buffering effect at pH from 3.5-4.0.    This 
gel acts as a diffusion barrier and has the ability to fill in the pores, thus 
effecting slow acid attack.   
       
         Al(OH)3    +    3H
+  Al3+ +    3H2O                                     (Equation 4.2) 
 
Overall, the neutralising capacity of CAC can be summarised by Equation 
4.3 (Scrivener, Cabiron et al. 1999). It shows how the progressive 
dissolution of alumina gel can provide higher degree of protection to the 
interior of the cement given a full acid strength. 
 
C3AH6    +    2AH3    +    24H
+      3Ca2+   +   6Al3+   +   24H2O           (Eq. 4.3) 
 
4.3 CAC Hydration and Conversion 
 
This section examined the mineralogical and morphological transformation 
of CAC concrete during its hydration and conversion.  CAC mortar cores 
were prepared using a water to cement ratio of 0.4. The mortar mixture 
and water were mixed mechanically for 3 minutes and poured into 2 inch 
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diameter x 4 inch stainless steel cylindrical moulds, compacted and the 
surface smoothed manually. The cores were cured at 21oC for 24 hours, 
then immersed in a water bath at 30oC for the next 28 days. The water 
bath was kept enclosed during the hydration to limit the carbonation of the 
specimens. Analyses of the specimens were carried out in the 1st, 2nd, 7th 
and 28th day of hydration.   
 
The  CAC hydrates were analysed using Thermogravimetric Analysis (TGA), 
X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM) integrated 
with Electron Backscattering Diffraction (EBSD) and X-ray Energy Dispersive 
Spectroscopy (EDS).   
 
Scrivener (2003), Bensted (2002), Bradbury, Callaway et al. (1976) showed 
that calcium aluminate (CA), when hydrated, undergoes a chemical 
reaction which is initiated when calcium ions (Ca2+) and aluminate ions 
(Al3+) are dissolved in water.  These ions then combine to form various CAC 
hydrates including CAH10, C2AH8, C3AH6, and AH3:  
 
CA + 10H  ---> CAH10                             (Equation 4.4) 
2CA + 11H ---> C2AH8 + AH3                 (Equation 4.5) 
3CAC + 12H ---> C3AH6 + 2 AH3            (Equation 4.6) 
 
The above chemical formulae are designated as C = CaO, A = Al2O3, and H = 
H2O.  The nature of the hydrates depends on the temperature of curing, 
moisture content and time. The hydrated CAC undergoes further chemical 
change known as conversion that transform the metastable phases (CAH10, 
C2AH8) to stable phase (C3AH6 ) (Equations 4.7 - 4.8) (Bradbury, Callaway et 
al. 1976):   
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3 CAH10 ---> C3AH6 + 3AH3 + 18H    (Equation 4.7) 
3C2AH8  ---> 2C3AH6 + AH3 + 9H         (Equation 4.8) 
 
The formation of CAC mortar hydrates was monitored by thermal 
gravimetric analysis using Perkin Elmer TGA 4000. The CAC was hydrated 
by immersing the specimen in water at 30oC for 28 days.  Thermal analysis 
was carried non-isothermally  from 50°C to 500°C with a heating rate of  
10°C/min, with an N2 gas flow rate of 20 ml per minute.  The weight of the 
specimen was monitored as a function of time to provide the thermal 
gravimetric curve. The differential analysis of these curves gives the  
Differential Thermal Gravimetric curve (DTG). The DTG peaks 
demonstrating the optimal rates of decomposition reflects the various CAC 
hydrates. These were analysed using reported temperature of 
decomposition of CAC hydrates summarised in Table 4.2.    
 
Table 4.2: Decomposition Temperatures of CAC hydrates from Literatures 
Decomposition Temperatures (oC) 
References 
CAH10 C2AH8 C3AH6 
AH3 
gel 
Al(OH)3 C2ASH8 
 
110, 
175, 
295 
    
(Ukrainczyk, 
Matusinovic et 
al. 2007) 
96    266  
(Barnes and 
Baxter 1978) 
110    267  
(Guirado, Gali 
et al. 1998) 
 
170, 
230, 
275 
320    
(Das, Mitra et 
al. 1996) 
110-
120 
 
320-
350 
 
295-
310 
 
(Bradbury, 
Callaway et al. 
1976) 
120  310  290  
(Nilforoushan 
and Talebian 
2007) 
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Decomposition Temperatures (oC) 
References 
CAH10 C2AH8 C3AH6 
AH3 
gel 
Al(OH)3 C2ASH8 
   90   
(Calvo, Alonso 
et al. 2013) 
137 137    280-350 
(Hidalgo, 
García et al. 
2009) 
     
100, 138 
and 240 
(Kuzel 1976) 
     
120, 165 
and 220 
(Matschei, 
Lothenbach et 
al. 2007) 
 
Table 4.2 shows that metastable hydrates CAH10 and C2AH8 decompose at 
temperature between 96-137oC and 137-295oC, respectively.  Stable 
hydrate C3AH6 has decomposition temperatures between 310 and 350
oC, 
whereas AH3 decomposes between 266 and 310
oC.  
 
Figure 4.2 compares  the DTG of CAC cured at 21oC for one day and CAC 
hydrated for 2, 7 and 28 days at 30oC in water.  
 
There are two notable peaks after one day of curing at 21oC. The peak from 
50 to ~200 oC is attributed to CAH10, C2AH8, and C2ASH8 and the second 
peak from 200 to 400 oC is attributed to AH3, and C2ASH8.  As hydration 
proceeded from 2- 28 days, there are changes in the both the first and 
second peaks.  
 
 A shoulder above 300oC, shown on 7th and 28th day of hydration, 
demonstrates the presence of the hydrogarnet C3AH6, which indicates 
conversion process has progressed in the sample.  
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Figure 4.2: Differential Thermal Analysis of CAC mortar cured at various 
periods of time. 
 
 
To further assist in the thermal analysis, the DTG peak areas associated 
with the CAC hydrates  were  decoupled using a curve-fitting analysis based 
on the  Levenberg-Marquardt (LM) method (Marquardt 1963):   
 
            
   
    
 
 
 
     
 
  
  
    
 
    
              (Equation 4.9) 
where xo = peak position; H = peak height; w= peak width; L = fraction of 
Lorentz character. 
 
The areas were resolved using the thermal degradation temperatures of 
CAC hydrates summarised in Table 4.2. Figure 4.3 shows the resolved peak 
areas corresponding to the DTG curves in Figure 4.2.   The peak areas were 
used to provide an estimate of the quantities of the metastable and stable 
hydrates present at specific  temperatures.  These areas and CAC hydrate 
composition are reported in Table 4.3.    
  
 
 
 
 
 
 
119 
 
 
Figure 4.3: Resolved peak areas of DTG of CAC hydrated at 21oC for 1 day 
and at 30oC in water for 2 days, 7 days, and 28 days  
 
Table 4.3 shows the corresponding values of the resulting area under each 
f(x) curve in Figure 4.3 using the LM method.  As shown metastable 
hydrates CAH10, C2AH8 are identified and are present between 152
oC and 
156°C and 89-110oC respectively. The decreasing areas of metastable 
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hydrates and the rise of the areas for AH3 and gradual formation of the 
C3AH6 demonstrate the progression of  conversion.   
 
The degree of conversion of CAC was  estimated using these resolved peak 
areas. The degree of conversion (Dc) has been estimated by taking the 
ratio  of stable to metastable phases (Barnes and Baxter 1978): 
             Dc = 
     
            
  x  100              (Equation 4.10) 
Because C3AH6 is susceptible to carbonation, an alternative equation was 
proposed based on AH3 (Wilburn, Keattch et al.)  
 
Dc = 
   
          
  x  100                           (Equation 4.11)       
    
Because the degree of conversion is likely to be in transition, the 
conversion equation must take into account the presence of all aluminium 
hydrates to provide the complete aluminium balance. An approximate 
conversion across the CAC profile was estimated using the following 
equation (Valix, Sio et al. 2014):  
 
Dc = 
   
                       
  x  100             (Equation 4.12) 
 
 
Equation 4.12 was used to estimate the degree of conversion based on 
resolved areas from the DTG curves of CAC hydrates. These are reported in 
Table 4.3.  
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Table 4.3.  Deconvoluted Peak Areas of CAC Hydrates based on 
Levenberg-Marquardt Method of CAC hydrated for 1 day at 21oC, and for  
2, 7, and 28 days at 30oC 
C2AH8 C2ASH8 CAH10 C2ASH8 C2ASH8 AH3 C3AH6
Area 1.11 0.20 1.56 0.18 0.43 1.08
% Area 24.87 4.38 34.83 4.00 9.51 24.07
Area 0.92 0.08 1.37 1.19 1.53 0.08
% Area 17.35 1.42 25.91 22.50 28.93 1.51
Area 1.50 0.04 0.74 0.51 1.71 0.05
% Area 36.05 1.01 17.78 12.26 41.09 1.20
Area 0.37 0.48 1.61 0.13 1.85 0.13
% Area 8.51 11.03 37.01 2.99 42.53 2.99
42.69
28 46.79
7
Degree of 
Conversion 
(Dc) (%)
1 28.73
2 39.34
Hydrates 
Days of Curing
 
As shown in Table 4.3, degree of conversion for days 1, 2, 7, and 28 are 
28.73%, 39.34%, 42.69%, and 46.79% respectively.  These results show the 
progression of conversion at 30oC.  The fall and rise of CAH10 area shows 
the progression of hydration.   
 
The aggregates that are used in CAC can include silica or CAC aggregates. 
The aggregates themselves cannot suppress the conversion of the CAC 
hydrates.  However CAC aggregates that has limited reactivity because of 
low porosity can undergo slow hydration during service and can 
supplement CAC of intermediate hydrates that have been converted.  
Whilst silica aggregates will not be able to contribute to this. Thus the 
nature of aggregates can affect CAC conversion.  There is limited work in 
this area. However studies by Scrivener, Cabiron et al. (1999) show this 
effects. 
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The X-ray diffraction analysis of CAC hydrates were conducted using XRD 
Siemens D5000.  The analysis were conducted  from 2-Theta angle 
between 2 and 90 , with step size of 0.04, with step time of 1s. The XRD 
diffraction patterns of hydrates of CAC at 1, 2, 7, and 28 days are shown in 
Figure 4.4. The X-ray diffraction spectra were analysed using reported 
mineral diffraction data (Carlson 1957, Lager 1987, Downs and Hall-Wallace 
2003, Merlini, Gemmi et al. 2009, Pollman 2012).  These XRD diffraction 
patterns of the CAC in Figure 4.4  show the corresponding peak intensities 
of the hydrates as a function of time.  These results show the mineral 
transformation  of CAC during hydration with time. 
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Figure 4.4  X-Ray Diffraction Patterns for  CAC hydrated at 21oC for day 1 
and at 30oC for 2, 7, and 28 days 
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Results shown in Figure 4.5 confirm the DTG results shown in Figure 4.3.  It 
appears that there was a decreasing formation of C2AH8 as hydration 
progressed between days 2 and 28 at 30oC.  This indicates that C2AH8 
hydrate underwent conversion at 30oC reflected by reduction in  intensities 
at 18.14o , 33.45o , 36.75o , and 57.58o . The CAH10 hydrate, on the other 
hand, appears to have formed progressively since day 2 until day 28 as 
evidenced by increasing intensities at 14.2o. 
 
 
Figure 4.5  Comparison of Intensities (y-axis) and Theta () Spacing for 
CAH10 and C2AH8 hydrates in CAC hydrated at  30
oC for 2 and 28 days 
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The main C3AH6  2-theta spacings of 17.32
o , 31.92o , and 39.36o   showed a 
rise at day 28 when compared with curing at earlier periods (Figure 4.6).  
This confirms the conversion  This is consistent with DTG results in Figure 
4.3. 
 
Figure 4.6  Comparison of Intensities (y-axis) and Theta () Spacing for 
C3AH6 in CAC hydrated at 21
oC for day 1 and at 30oC for 2, 7, and 28 days 
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As shown in Figure 4.7, it is also apparent that stratlingite (C2ASH8) also 
formed after day 1 of curing suggesting the composition of this CAC include 
pozzolanic material.  There was an increased formation of stratlingite on 
day 28 reflected by the rise in intensities at 2-theta spacing of 31.32o , and 
51.92o .  
 
Figure 4.7  Comparison of Intensities (y-axis) and Theta () Spacing for 
C2ASH8 in CAC hydrated at 21
oC for day 1 and at 30oC for 2, 7, and 28 days 
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Further mineralogical analysis  of the CAC hydrated at 28 days at 30oC  was 
conducted using scanning electron microscope (SEM) Zeiss ULTRA plus 
with Oxford Instruments Aztec integrated EDS and EBSD system. A 
representative backscattering image of the CAC hydrate is shown in   
 Figure 4.8 (a). The EBSD analysis of this section is shown in Figure 4.8 (b) 
 
 
 
Figure 4.8: Scanning electron microscope: a) image of CAC partially 
converted and b) EBSD analysis of white boxed area 
 
The EBSD analysis shows the formation of four key phases – gehlenite, CA, 
and brownmillerite (Ca2(Al,F)2O5 or C2(A,F)H8) and iron spinel. The hydrated 
brownmillerite mineral has a similar structure to the metastable hexagonal 
C2AH8 phase where Al is substituted with Fe in Al/(Al+Fe) ratio of 0.4. It 
undergoes a similar conversion as the metastable C2AH8 forming a stable 
hydrogarnet structure of Ca3(Al,Fe)(OH)12 (Meller, Hall et al. 2004). For all 
the converted CAC examined, the absence of AH3 structure suggests it is 
present as an amorphous phase. The corresponding phase fraction analysis 
of Figure 4.8 is reported in Table 4.4. 
  
a b 
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Table 4.4: Phase fraction analysis of CAC cured for 28 days at 30oC 
Phase Name Phase Fraction (%) 
Ca Al2 O4 32.24 
Gehlenite 19.75 
Brownmillerite 12.07 
Mg Fe.6 Al1.4 O4 4.32 
Unaccounted fractions 31.62 
 
The phase data in Table 4.4  reflect the SEM-EDS spot analysis of spectrum 
identified in Figure 4.8. It does represent a spot analysis of the sample and 
reveal the formation of calcium aluminates and the gehlenite .  Because of 
the heterogeneity of the sample, it would be difficult to obtain consistent 
analysis of the whole specimen. This mineral analysis however was 
supplemented by XRD (see Figure 4.4) and TGA (see Figure 4.3) analysis. 
The bulk analysis provided by these methods reveal the formation of 
C2AH8, which is consistent with the spot analysis obtained by SEM/EDS 
analysis.    
 
The accuracy of the SEM-EBSD-EDS analysis is dependent on the method of 
preparing the specimen, and processing of the image obtained (Kjellsen, 
Detwiler et al. 1991). Processing the best image amongst the images 
obtained hinged on the choice of intensity, magnification, contrast, 
sharpness, and noise level. The use of back scattered  electron (BSE) 
imaging as a technique in the study of cementitious material has shown 
advantages.  The intensity of the BSE is a function of the average atomic 
number of the local area of the sample (Scrivener 2004). The BSE technique 
is very good at distinguishing between phases of different crystal structure, 
but very poor with very similar structures.  However, the four phases in 
Figure 4.8 are all significantly different in crystallographic structure, and 
therefore the phase identification was very good.  Despite this, there are 
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likely to be chemical variations away from the identified structures. For 
example, the areas indexed as the phase “MgFe.6Al1.4O4” also clearly 
contains some Mn from the EDS maps, so it matches the crystal structure 
of the Mg Fe Al O phase in the database, but there is some substitution of 
Mn atoms for some of the other atoms (e.g.  Fe). The map in Figure 4.8 
covers only a small area, so although the phase proportions are accurate in 
this area, they may not be representative of the whole sample (and the 
samples were very inhomogeneous, so different phase fractions would be 
measured in different areas). The only way to solve this is to carry out 
much larger analyses across big areas of the sample – for example running 
a scan overnight and covering a square mm or more. Hence, the phase 
fraction analysis shown in Figure 4.8 and Table 4.4 is considered accurate 
and best represent the hydration of the CAC specimen    
 
These analyses shows the impact of conversion on the mineralogical 
transformation of CAC during its hydration for 28 days at 30oC.   A similar 
comparison will be conducted by accelerating the conversion at 98-100oC. 
 
4.3.1 Reactivity of hydrated CAC to acid attack  
 
In this section, the reactivities of the CAC hydrates to abiotic sulphuric and 
citric acid attack was examined.  These abiotic acids were chosen for the 
corrosion because they represent the biogenic acids typically metabolised 
by bacteria and fungi in sewers (Valix, Zamri et al. 2012). 
 
CAC mortars were cured in for 28 days at 30oC and were corroded in 50g/L 
of H2SO4 and 50g/L of citric acid for 46 days at 30
oC. At the end of 46 days, 
the  corroded residues were analysed by thermal analysis using the 
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thermogravimetric analyser (Perkin Elmer TGA 4000).  Thermal analysis 
was carried non-isothermally  from 50°C to 500°C with a heating rate of  
10°C/min, with an N2 gas flow rate of 20 ml per minute.  The weight of the 
specimen was monitored as a function of time to provide the thermal 
gravimetric curve. The differential analysis of these curves gives the  
Differential Thermal Gravimetric curve (DTG). The DTG analysis are shown 
in Figure 4.9.  Resolved peaks, using the Levenberg-Marquardt (LM) 
method (Marquardt 1963), are shown in Figure 4.10 and 4.11. 
 
 
Figure 4.9: DTG of partially converted CAC in 50 g/L H2SO4 and Citric Acid  
 
 
For the CAC corroded in sulphuric acid (Figure 4.9 - black graph), the 
reduction in the peak around 260oC and 310oC indicate the removal of AH3 
and C3AH6 by corrosion.  Resolved peaks diagram in Figure 4.10 showed 
that there is preferential corrosion of the converted hydrogarnet (C3AH6) 
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phase, whilst the AH3, metastable CAC phase (C2AH8), gypsum, and 
stratlingite (C2ASH8) remained as corrosion residues,  This is reflected from  
89.54% combined formation of gypsum, C2AH8 and stratlingite  and  only 
10.47% of AH3 from the corrosion residue.  
 
 
Figure 4.10: Resolved peak areas of DTG of partially converted CAC 
corroded in 50g/L of H2SO4 at 30
oC  
  
 
Table 4.5.  Deconvoluted Peak Areas based on Levenberg-Marquardt 
Method of Uncorroded CAC and CAC corroded in 50 g/L of H2SO4 at 30
oC 
C2AH8 CAH10 Gypsum C2ASH8 AH3 C3AH6
Area 0.22 0.31 0.49 2.82 0.12
% Area 6.56 9.24 14.61 84.08 3.58
Area 0.43 6.26 0.60 0.85
% Area 5.24 76.94 7.36 10.47
Corroded 
CAC
Hydrates
Conditions
Uncorroded 
CAC
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In leaching using citric acid, however, there was very little soft corrosion 
products found as in sulphuric acid. The products analysed on the surface 
of the CAC specimen corroded in citric acid was a harder component and 
may have resulted from both the remaining corrosion product and the un-
corroded CAC. 
 
For the CAC corroded in citric acid (Figure 4.9- red graph), the changes in 
DTG is not significant. This reflects the corrosion residue that remained on 
CAC.  
 
Resolved DTG peak diagrams of CAC residue corroded in citric acid is 
shown in Figure 4.11. The corresponding peak areas are reported in Table 
4.6 As shown there is preferential corrosion of the stable hydrate C3AH6 
and  AH3 . The stratlingite (C2ASH8) is retained and there is formation of 
ettringite. The retention of C2ASH8 in the corrosion product implies their 
ability to resist corrosion by the organic acid.     
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Figure 4.11: Resolved peak areas of DTG of partially converted CAC 
corroded in 50g/L of citric acid at 30
oC  
 
 
Table 4.6.  Deconvoluted Peak Areas based on Levenberg-Marquardt 
Method of Uncorroded CAC and CAC corroded in 50 g/L of  Citric Acid at 
30oC 
C2AH8 CAH10 Ettringite C2ASH8 AH3 C3AH6
Area 0.22 0.31 0.49 2.82 0.12
% Area 6.56 9.24 14.61 84.08 3.58
Area 0.59 1.35 2.12
% Area 14.58 33.20 52.23
Hydrates
Uncorroded 
CAC
Corroded 
CAC
Conditions
 
 
As the conversion of the metastable calcium aluminate hydrates to the 
hydrogarnet phase is a thermodynamically unavoidable process (Juenger, 
Winnefeld et al. 2011), the above results further suggest that the 
conversion could have an impact on the long term performance of CAC as a 
protective coating in sewer pipes. 
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XRD diffraction patterns shown in Figure 4.12 confirm the DTG analysis  in 
Figure 4.9.  The retention of the stratlingite (C2ASH8) and metastable 
hydrate (C2AH8) as shown by their increased intensities confirm their 
corrosion resistance in sulphuric acid.  Gypsum which was also noted in the 
residue are evident from the  2-theta spacings of 11.72o , 20.82o, and 
29.29o  (Schofield, Knight et al. 1996) .   
 
Figure 4.12  Comparison of Intensities (y-axis) and Theta () Spacing for 
CAC corroded in 50 g/L of H2SO4 and citric acids at 30
oC  
 
Figure 4.12 also  shows the XRD diffraction patterns for CAC corroded in 50 
g/L of citric acid.  This also confirm the DTG analysis  in Figure 4.9.  
Noticeable in this pattern is the retention of stratlingite (C2ASH8) as a 
corrosion product. This shows that corrosion resistance of stratlingite 
organic acid generated by fungi in sewers.  Stratlingite was evident in theta 
spacings of 39.42o, 43.18o, and 47.56o.  Key 2-theta spacings for ettringite 
are 9.07o , 15.74o , and 32.19o (Antao, Duane et al. 2002) 
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4.3.2 Accelerated Conversion of CAC 
 
It appears that the conversion of CAC and thus the formation of stable 
phases can affect the corrosion resistance of CAC. To examine the effect of 
conversion more carefully, the conversion of CAC was accelerated.  
Exposure of hydrated CAC to high temperatures , from 30oC to 80oC are 
known to accelerate the process of conversion (Scrivener, Cabiron et al. 
1999, Fryda, Charpentier et al. 2008, Kırca, Özgür Yaman et al. 2013) In this 
study, the acceleration of CAC conversion  was conducted by curing the 
specimen at temperatures of 98-100oC for 2 hours.   
 
Figure 4.13 compares the DTG of partially converted CAC (30oC, 28 days) 
and CAC with accelerated conversion at 100oC.  
 
Two key features of the DTG have changed with heating.  The shoulder 
above 300oC showed the formation of cubic hydrogarnet (C3AH6) phase 
and this is accompanied by a reduction of the peak at 50-250oC, which is 
attributed to the metastable phases and stratlingite. 
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Figure 4.13: Differential Thermal Analysis of CAC converted at 30oC for 28 
days and at 100oC for 2 hours  
 
Curve-fitting analysis of the DTG from Figure 4.13 using LM method is 
shown in Figure 4.14 and its corresponding resolves areas and conversion 
are reported in Table 4.7.  There is 23% and 75% reduction in the area 
under C2AH8 and CAH10, respectively, and a 98% increase under AH3, and 
20% under C3AH6.  These results demonstrated the impact of increasing the 
curing temperature from 30oC to 100oC on the speed of the conversion 
process. The degree of conversion achieved at 100oC is  80.50%  and that at 
30oC was  46.72%.   
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Figure 4.14: Curve-fitting analysis of converted component phases from 
DTG of converted CAC at 30oC in water for 28 days and at 100oC in water 
for 2 hours. 
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Table 4.7.  Deconvoluted Peak Areas of CAC Hydrates based on 
Levenberg-Marquardt Method of CAC hydrated for 28 days at 30oC and 
for 2 hours at 100oC 
C2AH8 C2ASH8 CAH10 C2ASH8 AH3 C3AH6
Area 0.37 0.48 1.61 0.13 1.85 0.13
% Area 8.51 11.03 37.01 2.99 42.53 2.99
Area 0.22 0.17 0.31 0.32 2.82 0.12
% Area 6.56 5.07 9.24 9.54 84.08 3.58
28 days 
(30oC)
46.72
2 hours 
(100oC)
80.50
Condition 
of Curing
Degree of 
Conversion 
(Dc)
Hydrates 
 
 
The XRD patterns of CAC mortars cured at 30oC for 28 days and 100oC for 2 
hours shown in Figure 4.15 confirms the effect of elevated temperature of 
curing on CAC conversion. Examination of the XRD pattern shows there 
was greater formation of stable hydrate (cubic hydrogarnet C3AH6) in the 
converted CAC, than that of the partially converted. This is evident in  2-
theta spacing of the hydrogarnet at 17.32o, 31.92o , are 39.36o (Lager 
1987). It is apparent that some metastable phases C2AH8 and CAH10 
continued to persist in the converted phase and is accompanied by the 
formation of stratlingite. This suggests that even at this elevated 
temperature part of the metastable phase is still present.  
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Figure 4.15: X-Ray Diffraction Patterns for partially converted CAC (30oC, 
water, 28 days) and converted CAC (98-100oC, water, 2 hours) 
 
 
Scanning electron microscopy of CAC cured at 100oC for 2 hours is shown in 
Figure 4.16 and confirms the preceding DTG and XRD results. The EBSD 
analyses of their components are indicated  by the white area in Figure 
4.16(a). 
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Figure 4.16: Scanning electron microscope: a) image of CAC converted 
and b) EBSD analysis of white lined area 
 
 
Gehlenite, CA, brownmillerite, and iron spinel are the four key phases that 
established by the EBSD analysis of a small section of the converted CAC 
sample.  Brownmillerite, when hydrated, has a similar mineralogical 
structure as that of C2AH8 hydrate.  It undergoes a similar conversion as 
C2AH8 forming a stable hydrogarnet structure (Meller, Hall et al. 2004).  It is 
also noticeable that AH3 is not found in the analysis, which suggests that 
said hydrate is in its amorphous phase.  
 
The corresponding phase fraction analysis of Figure 4.16 is reported in 
Table 4.8. 
  
b a 
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Table 4.8: Phase fraction analysis of converted and partially converted 
CAC 
Phase Name 
Partially converted 
CAC  
Phase Fraction (%) 
Converted CAC  
Phase Fraction 
(%) 
Ca Al2 O4 32.24 2.54 
Gehlenite 19.75 37.76 
Brownmillerite 12.07 10.82 
Mg Fe.6 Al1.4 O4 4.32 12.90 
Unaccounted fractions 31.6 35.9 
 
This particular portion of partially converted CAC mortar (Figure 4.8)  
shows 44.31% metastable phases (CA10 and C2(A,F)H8) and 19.75% 
gehlenite or un-hydrated stratlingite.  While the converted CAC mortar 
contained 13.36% metastable phases and 37.76% gehlenite.  This means of 
the formation of gehlenite was also accelerated by the high temperature 
curing along with the conversion of CAC.. 
 
In this section, the mineralogical analysis of CAC revealed that raising the 
temperature of curing from 30oC to 100oC accelerated the conversion of 
CAC. Conversion was reflected by the greater formation of AH3 and C3AH6 
accompanied with formation of gehlenite or stratlingite.  
 
4.3.3 Effect of Conversion on Porosity and Density of CAC 
 
The effect of conversion on the density and porosity of calcium aluminate 
cement (CAC) were examined using ASTM Standard C373 - 88(2006) 
"Standard Test Method for Water Absorption, Bulk Density, Apparent 
Porosity and Apparent Specific Gravity of Fired Whiteware Products".  The 
samples that were used were the CAC cured at 30oC for 28 days ("partially 
converted") and cured at 100oC for 2 hours ("converted").  
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Porosity is defined as a ratio of the void volume of a material to its bulk 
volume. It is a factor that dictates the strength, durability and mechanical 
properties of concrete.  Once cement is hydrated, fluids flow through a 
capillary pore network, which is formed during cement hydration and when 
unhydrated phases react with water to form hydrates. The hydrates 
contribute to an increase in  solid volume, and fill the originally water-filled 
space between the cement particles (Do, Bishnoi et al. 2013); (Kumar and 
Bhattacharjee 2003); (Diamond 1999).  This leads to the formation of more 
refined capillary pores that also reduces the permeability of the cement.   
 
Density is the ratio of the material mass over its volume. Determining the 
densities of cement phases are equally as important as porosity because of 
their usefulness in calculating space filling in pastes by solid cement 
substances.  They are utilised in the assessment of potential for changes in 
dimension and porosity within hardened pastes undergoing phase changes 
(Balonis and Glasser (2009). 
 
The difference in the density of the intermediate and converted phase 
contributed to the formation of porosity. Intermediate phases CA, C2AH8 
have densities of 2.98 and 1.97. While C3AH6 and AH3 have densities of 
2.52 and 2.44 (Bensted 2002). The transformation of the CAC hydrates to 
C3AH6 and AH3 therefore contribute to the formation of porosity. 
 
Table 4.9 shows the increase in the porosity of hydrated calcium aluminate 
cement when it was converted (100oC, water, 2 hours) compared to its 
partially converted state (30oC, water, 28 days).      
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Table 4.9: Effect of Conversion on the Porosity and Density Values of  
Calcium Aluminate Cement 
  Partially 
Converted CAC* 
Converted CAC** 
Bulk Density (bD) (g/cm3) 1.83 1.69 
Apparent Density (aD) (g/cm3) 2.22 2.14 
Void Volume (cm3) 1.61 10.21 
Porosity 1.33 8.25 
   *Cured at 30oC for 28 days, w/c=0.4 
   **Cured at 100oC for 2 hours, w/c=0.4 
 
Based on the above result, there is an 8 times increase in porosity value of 
converted CAC. This means that conversion impacts the morphology of 
CAC. These results concur with the study of Bensted (2002) which 
suggested that conversion reactions result in an increase in porosity 
because the converted phase (C3AH6) has a higher density compared to the 
metastable phase. The metastable hydrates are responsible for the 
shrinkage of the hydrated CAC, whilst formation of stable phases C3AH6 
and AH3 results in increase in porosity of the CAC structure and in the 
release of more water, which leads to deterioration in strength (Scrivener 
2003).  The higher porosity will allow greater access of CAC and may 
increase the susceptibility of CAC to acid attack in sewers. 
 
4.3.4 Effect of Conversion on Resistance of CAC to Acid Attack 
 
The effect of conversion on the corrosion resistance of CAC was examined 
by corroding partially converted (30oC, 28 days) and converted CAC in 
50g/L of citric and 50 g/L of sulphuric acid at 30oC.   Corrosion was 
measured from the thickness loss (xo, mm), weight loss (%mg) and by 
dissolved Al metal (%mg).  
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Comparison of the thickness loss in Figures 4.17 and 4.18 reveal that 
conversion of CAC resulted in corrosion that is about 24 times faster 
compared to partially converted CAC  in  citric acid than in sulphuric acid. 
The converted CAC showed a 3.2% loss of thickness in 9 days in 50 g/L 
H2SO4, and 4.4% in the same concentration of citric acid. Whereas, partially 
converted CAC showed only 0.2% and 1.3% thickness loss in 9 days in 50g/L 
H2SO4 and 50g/L of citric acid respectively.  It also appears that conversion 
overcomes the initial lag phase observed in leaching of partially converted 
CAC.  Comparison of the rates in both acids shows the rate of corrosion in 
citric acid at 50g/L is  about 18 times faster than in sulphuric acid during 
the 75-day leaching period.  This suggests the greater potency of organic 
acids and thus fungi in corroding CAC.  Overall, it appears that conversion 
can speed the process of corrosion, and more so in the presence of an 
organic acid. 
 
 
Figure 4.17  Effect of Conversion on Thickness Loss of CAC in 50 g/L H2SO4  
at 30oC 
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Figure 4.18  Effect of Conversion on Thickness Loss of CAC in 50 g/L Citric 
Acid at 30oC 
 
Figures 4.19 and 4.20 show comparison of overall weight loss of converted 
CAC.  As shown, conversion of CAC resulted in  a rate of weight loss that is 
twice  faster compared to partially converted CAC in citric acid than in 
sulphuric acid.  On the 9th day of leaching, the converted CAC showed a 
3.7% weight loss in 9 days in 50 g/L H2SO4, and 10.82% in the same 
concentration of citric acid. Whereas, partially converted CAC showed an 
expansion of the converted CAC (weight gain of 0.012%) in 50 g/L H2SO4  
but a 1.98% thickness loss in 50g/L of citric acid in 9 days.  It also appears 
that conversion overcame the initial lag phase (0-18 days) observed in 
leaching of partially converted CAC.  Comparison of the rates in both acids 
shows the rate of corrosion in citric acid at 50g/L is  about 1.65 times faster 
than in sulphuric acid.  Again, these findings suggest the greater potency of 
organic acid and thus fungi in corroding CAC. These results show that 
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conversion can speed up the corrosion rate, especially in the presence of 
an organic acid. 
 
 
Figure 4.19  Effect of Conversion on Weight Loss of CAC in 50 g/L H2SO4 at 
30oC 
 
 
Figure 4.20  Effect of Conversion on Weight Loss of CAC in 50 g/L Citric 
Acid at 30oC 
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Figures 4.21 and 4.22 give the comparison of overall % Al metal dissolved 
from converted CAC in sulphuric and citric acids.  It appears that Al metal 
dissolution rate almost doubled in citric acid than in sulphuric acid.  The 
converted CAC showed a 0.12% Al metal dissolved in 9 days in 50 g/L 
H2SO4, and 2.76% in the same concentration of citric acid.  The partially 
converted CAC on its 9th day of leaching exhibited a 0.09% and 1.09% Al 
metal dissolved in 50g/L H2SO4 and 50g/L citric acid, respectively.  It 
appears that  Al metal dissolved about 2 times  faster in citric acid than in 
sulphuric acid.  These findings agree with the results on the weight loss and 
thickness loss and show the higher potency of organic acids in corroding 
CAC, and the high impact of conversion in accelerating corrosion rate of 
CAC. 
 
Figure 4.21  Effect of Conversion on Al metal dissolution of CAC in 50g/L 
H2SO4 at 30
oC 
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Figure 4.22  Effect of Conversion on Al metal dissolution of CAC in 50 g/L 
Citric Acid at 30oC 
 
 
CAC conversion can result in both mineralogical and microstructural 
transformation both of which  could enhance corrosion. Since the effect of 
each factor was not separated in this study, the true reactivity of the 
converted phase could not be established. However our result clearly 
demonstrate that CAC conversion can enhance the rate of corrosion of 
CAC.   
 
4.4 Impact of Pozzolan Addition to Conversion of CAC 
 
To overcome conversion, the use of fly ash as pozzolan in CAC was 
considered.  The addition of supplementary cementitious maters (SCMs) 
such as fly ash could arrest the formation of the hydrogarnet by an 
  
 
 
 
 
 
 
149 
 
alternative reaction to an aluminate hydrate with silica C-A-S-H phase or 
stratlingite (C2ASH8) (Collepardi, Monosi et al. 1995, Ding, Fu et al. 1995, 
Bensted 2002, Hidalgo López, García Calvo et al. 2008) as shown by the 
chemical equations below:  
 
2 CAH10 + S  C2ASH8 + AH3 + 9H     (Equation 4.13) 
                       C2AH8 + S   C2ASH8                                 (Equation 4.14) 
 
Majumdar and Singh (1992) have shown that the reduction of the hydrate 
conversion and increase of strength of CAC can be achieved by replacing 
CAC with blast furnace slag (BFS) or other pozzolans such micro silica and 
metakaolin.  The reaction of pozzolan and CAC that prevents the 
conversion of CAC hexagonal hydrated phases has been proposed to occur 
through the reaction of the silica content of the mineral addition with 
calcium aluminates.  This avoids the formation of hexagonal C2AH8 and its 
conversion to cubic C3AH6. Instead, hexagonal aluminate hydrate-
containing silica, called gehlenite or strätlingite (Ca2Al2SiO7.8H2O or C2ASH8) 
is proposed to form. (Majumdar and Singh 1992, Cong and Kirkpatrick 
1993).   
 
Several studies of stratlingite have demonstrated its corrosion resistance to 
sulphuric acid (Torii and Kawamura 1994, Min, Song et al. 2011).  Figure 
4.15 has shown that CAC used in this study contain SCMs that result in the 
generation of stratlingite.  However, the amount of SCMs present in this 
CAC material appears to be insufficient to control the impact of conversion.  
The rates of corrosion of CAC in both citric and sulphuric acid were 
relatively higher than those of the partially converted phase as 
demonstrated in Figures 4.17 to 4.22. 
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This aspect of the study examined the effect of increasing the amount of fly 
ash in arresting the conversion of CAC to calcium aluminium hydrate 
(C3AH6).  About 5% and 25% of fly ash was added to CAC using an inter-
grinding method of mixing the two components in a ball mill.  The 
mineralogy of CAC hydrated with addition of pozzolans was examined 
using thermal analysis (TGA), X-ray Diffraction (XRD), and Scanning Electron 
Microscope (SEM). The effect of adding fly ash on the DTG of converted 
CAC is shown in Figure 4.23.     
 
 
Figure 4.23: DTG of converted CAC added with 5% and 25% Fly Ash  
 
 
Figure 4.24 shows the corresponding resolved peaks and the areas and 
conversion are reported in Table 4.10. There is 42% and 69% reduction in 
area under C2AH8 hydrate for converted CAC with 5% and 25% fly ash, 
respectively. Areas under CAH10 hydrate decreased by 47%  for converted 
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CAC with 5% fly ash, but increased by  40% for converted CAC added  25% 
fly ash. There  was  85% and 557% increase in area under C3AH6 for 
converted CAC added with 5% and 25% fly ash, respectively.   As for the 
area under gibbsite (AH3), a decrease  of 1.4% and 54% is observed for 
converted CAC added with 5% fly ash and 25% fly ash, respectively. 
Although these results show that fly ash addition contributed higher 
conversion, particularly with addition of 25% fly ash, the process was 
accompanied by increased production of stratlingite. As shown stratlingite 
area increased by a 17% and 135% with the addition of 5% and 25% fly ash 
respectively. 
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Figure 4.24: Curve fitting analysis of converted component phases from 
DTG of converted CAC with fly ash pozzolan. 
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Table 4.10.  Deconvoluted Peak Areas of CAC Hydrates based on 
Levenberg-Marquardt Method of Converted CAC Added with Different 
Concentrations of Pozzolan (Specimens were cured at 98-100oC for 2 
hours) 
C2AH8 C2ASH8 CAH10 C2ASH8 C2ASH8 AH3 C3AH6
Area 0.22 0.17 0.34 0.32 2.82 0.12
% Area 5.67 4.38 8.76 8.25 72.68 3.09
Area 0.15 0.34 0.21 0.18 0.15 3.26 0.26
% Area 3.30 7.47 4.62 3.96 3.30 71.65 5.71
Area 0.08 0.39 0.53 0.17 0.72 1.45 0.88
% Area 1.74 9.03 12.27 3.94 16.67 33.56 20.32
Hydrates Degree of 
Conversion 
(Dc)
80.50
5%
84.02
25%
49.45
% Pozzolan 
Added
0%
 
 
The X-ray diffraction patterns of CAC with  0, 5% and 25% fly ash fully 
converted at 100oC are shown  in Figure 4.25.  These patterns confirmed 
the presence of metastable (CAH10, C2AH8 and brownmillerite) and stable 
hydrates (C3AH6), and stratlingite (C2ASH8).  The XRD diffraction patterns in 
Figure 4.25 revealed  higher quantities of both hydrogarnet C3AH6 and 
stratlingite were formed with the addition of fly ash. This is evident in the 
C3AH6 spacing at 17.32
o, 31.92o, are 39.36o (Lager 1987).    Gehlenite or 
stratlingite (C2ASH8) in CAC has 2-theta spacings of 31.32
o, and 51.92o 
(Merlini, Gemmi et al. 2009).  These results confirm the DTG analysis in the 
previous section.  The XRD diffraction patterns confirm the greater 
formation of both  C3AH6 and stratlingite with the addition of fly ash. 
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Figure 4.25: X-Ray Diffraction Patterns for 5% and 25% Fly Ash Addition to 
Converted CAC 
 
Figure 4.26 shows the mineralogical analysis of converted CAC (with 5% fly 
ash) using the scanning electron image (SEM) and the EBSD analysis (see 
white boxed area in Figure 4.16a).  A substantial amount of voids were 
formed in this sample and is consistent with the formation of denser 
precipitates with conversion.  The EBSD analysis of  this sample showed 
four major phases gehlenite, CA, brownmillerite (Ca2(Al,Fe)2O5 or C2(A,F)H8) 
and an iron spinel.   The corresponding phase fraction analysis of Figure 
4.26 is shown in Table 4.11. This particular section of the converted CAC 
sample indicates a 37.32% fraction consisting of metastable phase (CAH10, 
C2(A,F)H8) and a 25.3% of gehlenite or un-hydrated stratlingite.  The higher 
fraction of metastable stable phases confirms the impact of fly ash in 
arresting conversion and diverting the formation of stable phase to calcium 
aluminate silicate hydrate (C-A-S-H) structure.   
 
 
  
 
 
 
 
 
 
155 
 
 
Figure 4.26: Scanning electron microscope: a) image of CAC + 5% fly ash 
converted and b) EBSD analysis of (a). 
 
 
Table 4.11. Phase fraction analysis of converted with 0% fly ash and with 
5% fly ash 
Phase Name 
Phase Fraction (%) Phase Fraction (%) 
0% Fly Ash  5% Fly Ash  
CA 2.54 18.53 
Gehlenite 37.76 25.28 
Brownmillerite 10.82 18.79 
Mg Fe6 Al14 O4 12.90 1.58 
Unaccounted fractions 35.98 35.81 
 
Porosity values of converted CAC shown in Table 4.12 significantly 
increased by 90% and 131% when 5% and 25% fly ash, respectively, are 
introduced. The increase in porosity is consistent with the mineralogical 
changes that CAC mortar undergoes during conversion.   
 
  
a b 
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Table 4.12: Porosity and Density Values of CAC and CAC with Fly Ash 
Converted at 100oC for 2 hours (w/c=0.4) 
 
With 0% Fly 
Ash 
With 5% Fly 
Ash 
With 25% 
Fly Ash 
Bulk Density (bD) (g/cm3) 1.691 1.63 1.40 
Apparent Density (aD) (g/cm3) 2.14 2.01 2.02 
Void Volume (cm3) 10.21 8.94 10.39 
Porosity 8.25 15.72 19.07 
 
This section examined the impact of additional pozzolan in the conversion 
of CAC. Although the CAC material used in this experiment contains 
supplementary cementitious material (SCM), it appears that they were 
insufficient to control the effect of conversion.  About 5% and 25% of fly 
ash were added to CAC. The effect of pozzolan on conversion was assessed 
by accelerating the conversion of the CAC samples at 100oC. The results 
show that although pozzolan generates stratlingite that have greater 
resistance to conversion,   it increased the rate of conversion  of the CAC 
hydrates that have not formed stratlingite, resulting in greater formation of 
C3AH6 and the formation of porosity.  It appears that pozzolan has both a 
negative and positive impact on CAC mineralogy. It increases the formation 
of the more corrosive stable phase and more corrosion resistant 
stratlingite. The arresting of the effect of conversion with the use of 
pozzolan will require controlling the rate of stratlingite such that it occurs 
faster than the conversion of the CAC hydrates. The cumulative impact of 
this on the corrosion resistance of CAC will be examined in the later part of 
this thesis.    
 
4.5 Influence of Pozzolan Addition in CAC Corrosion Resistance 
   
In this section, the effect of the additional fly ash on the corrosion of 
converted CAC was examined. Two types of  CAC mortars were tested with 
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0% fly ash and 5% fly ash. These mortars were converted at 100oC for 2 
hours and  were corroded in 50 g/L of H2SO4 and of citric acid at 30
oC.  
Solid to liquid ratio for CAC without fly ash was 1:1, whilst for CAC with 5% 
fly ash was 0.4:1. At selected time intervals, the CAC specimen was 
retrieved from the acid solution, carefully dried with paper towel, and its 
weight measured on a weighing scale. The numerical results were plotted 
over time. 
 
The progress of corrosion was examined by measurement of thickness loss, 
weight loss, and %Al metal dissolved from the converted CAC added with 
pozzolan (fly ash).  
 
Figure 4.27 and 4.28 show the effect of pozzolan addition to CAC on its 
progression of corrosion as measured from thickness loss. It is apparent 
that additional fly ash can impact conversion and affects reactivity of CAC 
against corrosion.  Corrosion of  CAC with 0% and 5% fly ash in 50 g/L of 
H2SO4  in 28 days resulted in  thickness loss of 3.6% and 2.19% respectively. 
In 50g/L of citric acid, the corresponding thickness loss were  6.64% and 
3.95%.  These results show, based on corrosion rates measured by 
thickness loss, the addition of fly ash  improved the corrosion resistance of 
CAC.  The higher rate of corrosion in citric acid in comparison to the same 
concentration of sulphuric acid demonstrates the greater potency of 
organic acid in corroding pozzolanic CAC. 
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Figure 4.27: Effect of pozzolan addition on thickness loss of converted 
CAC in 50g/L H2SO4 at 30
oC 
 
 
Figure 4.28: Effect of pozzolan addition on thickness loss of converted 
CAC in 50g/L Citric Acid at 30oC 
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It does appear that the loss of thickness of the CAC with fly ash was only 
suppressed in the early stage (first 40 days), after which the rate of 
corrosion of CAC with and without fly ash are similar. Analysis of the CAC 
mineralogy with leaching was not performed in this study. Therefore the 
relative difference in the corrosion rates with time of CAC with and without 
CAC could be not established. However we propose that the  difference 
could be attributed to incomplete conversion of CAC with no pozzolan. At 
the early stage of leaching, the converted phase in CAC without fly ash and 
the stratlingite rich phase in CAC with fly ash was being leached. The 
depletion of these converted phase leaves only the metastable phases in 
CAC without fly ash. It has been suggested that the metastable phases have 
lower reactivity compared to the converted phase. It appears from our 
results that the remaining metastable phase in the CAC without fly ash 
must have similar reactivity to the stratlingite rich phase of CAC with fly 
ash.   
 
A similar analysis of corrosion rates based on weight lost are shown in 
Figures 4.29 and Figure 4.30.  show the influence of additional 5% pozzolan 
on the corrosion behaviour of converted CAC as measured by weight loss. 
Corrosion of CAC with 0% and 5% fly ash in 50g/L sulphuric acid for 28 
days, resulted in  weight loss  of 6.49% and 4.36%.  In 50g/L citric acid, the 
corresponding weight loss are 15.09% and 19.94%. These results reflects 
the different reactivity of the mineral phased in sulphuric and citric acid. 
Overall, these results suggest the addition of fly ash suppresses  the early 
corrosion but the later corrosion is increased. This could be attributed to 
the greater formation of C3AH6 and greater porosity.     
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Figure 4.29: Effect of pozzolan addition on weight loss of converted CAC 
in 50g/L H2SO4 at 30
oC 
 
 
 
Figure 4.30: Effect of pozzolan addition on weight loss of converted CAC 
in 50g/L citric acid at 30oC 
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Complexing agents such as organic acid (e.g. citric acid) have the potential 
to have a greater damaging effect on CAC even before sulphuric acid is 
introduced into the system. This phenomenon can be explained by the 
ability of the organic acid  to dissolve CAC by acidolysis (proton attack) and 
by complexation (chelation of metal ions with organic acids) (Sand 1997).  
The same acid has also the ability to immobilise metals such as Al.  
Complexation reaction proceeds as :  
 
Al3+ + H3L ----> AlH2L + H
+       (Equation 4.15)  
 
where L: anion organic acid ligand e.g. citrate from citric acid 
 
Corrosion was also assessed by examining the dissolved Al in Figures 4.31 
and 4.32.  In 50g/L sulphuric acid, percentage of Al metal dissolution rate in 
28 days was 0.52% and 1.46% in CAC with 0% and  5% fly ash added, 
respectively.  In 50g/L citric acid during the same period, Al metal dissolved 
at a rate of 2.09% in CAC without fly ash addition, but was at 18.37% in CAC 
with 5% added. These results confirm the analysis by weight loss. Again the 
greater corrosion rates of CAC with additional fly ash is attributed to 
greater formation of C3AH6 and porosity.  
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Figure 4.31: Effect of pozzolanic addition on % Al metal dissolved in 
converted CAC in 50 g/L H2SO4 at 30
oC 
 
 
Figure 4.32: Effect of pozzolanic addition on % Al metal dissolved in 
converted CAC in 50 g/L Citric Acid at 30oC 
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Comparing the results between Figures 4.31 and 4.32, it appears that 
pozzolan added to CAC is less effective as an added protection to CAC.  
However, it must be noted that the solid to liquid (S/L) ratio used for CAC 
added with 5% pozzolan was 0.4:1, compared to the 1:1 S/L ratio for CAC 
without pozzolan.  This means that the amount of acid used in dissolving 
5% pozzolan was greater than 0% pozzolan. This may have affected the 
rate of corrosion. Nonetheless, the higher rates of corrosion, particularly in 
citric acid of CAC with pozzolan suggest the resulting mix of C3AH6 and 
stratlingite make the of pozzolan less effective. Further test work is 
therefore required to control the formation of these minerals.  
 
In this section, the effect of pozzolan addition to the corrosive behaviour  
of CAC was examined.  CAC cores were prepared by blending CAC with 0%  
and 5% fly ash with water-cement ratio of 0.4.  They were cured at 100oC 
for 2 hours. The blended cured cores were corroded in 50 g/L of H2SO4 and 
50 g/L of citric acid at 30oC.   
 
The relative corrosion was assessed by thickness loss, weight loss and 
dissolved Al. Analysis based on the thickness loss showed that addition of 
fly ash improved the corrosion resistance of CAC, whilst analysis based on 
weight loss and dissolved Al showed that addition of fly ash suppresses the 
early corrosion but later corrosion is increased, which is attributed to 
greater formation of C3AH6 and greater porosity. 
 
The outcome of the test concurs with the findings of Scrivener (2003). In a 
detailed study about calcium aluminate cements, (Scrivener (2003)) 
explicitly mentioned that fly ash concrete can increase resistance to 
sulphate attack compared with a similar grade of CEM I concrete.  The 
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deterioration of concrete due to penetration of sulphates is a result of the 
expansive pressures originated by the formation of secondary gypsum and 
ettringite (or 3CaO.Al2O.3CaSO4.32H2O or tricalciumsulfo-aluminate 
hydrate or CaAS3H32).   From this view, the addition of fly ash into the 
concrete is beneficial, as it reduces pore size, thus slowing the penetration 
of sulphate ions.    As well, the smaller pore size of fly ash concrete reduces 
the volume of the ettringite that may be formed during hydration.  This is 
also confirmed by the work done by (Saraswathy and Song (2007)) when fly 
ash replaced concrete was observed to  have low permeability, hence an 
improved corrosion resistance of the said concrete. 
 
These results show the formation of greater quantities of C3AH6 and 
greater porosity, despite the greater formation of stratlingite imparted 
reduced corrosion resistance to CAC.  
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5 CONCLUSIONS AND RECOMMENDATIONS 
 
This study examined the effect of conversion on CAC corrosion resistance 
and the use of pozzolan in mitigating the effect of conversion. The specific 
objectives were: 
 
 To establish the relative reactivity of stable and metastable CAC 
hydrates and the effect of  CAC conversion on CAC corrosion 
resistance.   
 To establish pozzolanic effect on CAC conversion 
 To study pozzolanic effect on CAC corrosion  
 
Relative Reactivity of CAC hydates in Organic and Mineral Acids 
 
Reactivity of the CAC hydrates to acid attack was examined. The DTG and 
XRD results showed that AH3 and hydrogarnet (C3AH6) were preferentially 
corroded whilst the metastable phases and stratlingite showed greater 
corrosion resistance. Citric acid was found to  have greater corrosion effect 
on CAC than H2SO4.  This phenomenon is based on the ability of the organic 
acid  (citric acid) to dissolve CAC by acidolysis (proton attack) and by 
complexation (chelation of metal ions with organic acids) (Sand 1997).  The 
same acid has also the ability to immobilise metals such as Al.   
 
Effect of Conversion on CAC Corrosion Resistance 
 
The impact of conversion on CAC corrosion resistance was examined by 
comparing the corrosion resistance of partially converted CAC (28 days at 
30oC) and converted CAC (2 hours at 100oC) in sulphuric and citric acids.   
The corrosion was examined from thickness loss, % weight loss and % Al 
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metal dissolved. Results showed that conversion accelerated the process of 
corrosion in CAC, especially in the presence of an organic acid.  
 
Effect of Pozzolan on CAC Mineralogy  
 
The addition of  fly ash increased degree of conversion, particularly with 
5% fly ash addition and the porosity of CAC. The conversion process was 
accompanied by increased formation of the gehlenite or stratlingite.  
 
Effect of Pozzolan on CAC Corrosion Resistance 
 
This was examined by comparing the corrosion resistance of converted CAC 
added with 0% and 5% fly ash in 50g/L of H2SO4 and 50g/L of citric acid. The 
corrosion was examined from thickness loss, % weight loss, and % Al metal 
dissolution rates. 
 
The results showed the positive and negative impact of addition of fly ash 
in CAC.  Based on thickness loss, addition of fly ash improved the corrosion 
resistance of CAC.  However, analysis based on weight loss and dissolved Al 
metal showed that addition of fly ash suppresses early corrosion but later 
corrosion is increased, which is attributed to greater formation of C3AH6 
and greater porosity. 
 
Prospects for Further Studies 
 
Impact of different water-cement ratios on the conversion and corrosive 
behaviour of CAC-Fly Ash blended mortar can be further studied.  Actual 
field test, particularly installing the samples in the sewers, is also 
recommended so as to evaluate the performance of CAC-pozzolan blended 
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mortar. Addition of alumunium metal in the cement can be also considered 
and studied. 
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7 APPENDICES 
 
Photos of the CAC  Mortars Before and After Corrosion 
 
 (a) Partially Converted CAC 
Day 0 
 
 
Day 15 
 
 
(b) Converted CAC 
Day 0 
 
 
 
Day 16 
 
 CAC cores immersed in 50 g/L of H2SO4 at 30
oC  
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(a) Partially Converted CAC 
Day 0 
 
 
Day 15 
 
 
(b) Converted CAC 
Day 0 
 
 
Day 16 
 
CAC cores immersed in 50 g/L of Citric Acid at 30oC 
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Day 0 
 
Day 46 
 
CAC-5% Fly Ash Cores immersed in 50 g/L of H2SO4 at 30
oC 
 
 
 
Day 0 
 
Day 46 
 
CAC-5% Fly Ash Blended Cores immersed in 50 g/L of Citric at 30oC 
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Day 0 
 
Day 18 
 
CAC-25% Fly Ash Cores immersed in 50 g/L of H2SO4 at 30
oC 
 
 
 
Day 0 
 
Day 18 
 
CAC-25% Fly Ash Cores immersed in 50 g/L of Citric at 30oC 
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Chemical Leaching Datasheets 
 
Acid Suplhuric Acid
Concentration (g/l) 50
Concentration % 5
Temp 30
Coating Sewpercoat (Fully Converted)
Average
Time (days) SSD Mass (g) 1 2 3 4 5 Diameter in cm Surface pH pH ORP (mV) Temp (oC)Volume (ml)
(saturated surface dry)
0 285.59 50.83 50.72 50.74 51.03 50.61 50.786 5.0786 8.38 1.24 448.6 19.2 300
0.208333333 281.56 50.57 50.51 50.41 50.42 50.52 50.486 5.0486 2.71 0.8 259.4 30.6 295
0.833333333 280.81 49.9 50.43 50.5 50.02 50.6 50.29 5.029 2.12 1.25 282.6 27 290
2 280.37 49.88 49.36 49.02 50.45 50.03 49.748 4.9748 1.81 1.73 214.6 28.6 335
5 279.71 50 49.65 48.21 50 50.5 49.672 4.9672 1.74 2.47 347.1 27 415
7 277.75 49.1 48.01 48.58 49.96 50.48 49.226 4.9226 1.78 1.8 247.8 28.8 410
9 275.03 49.27 48.86 48.42 49.56 49.74 49.17 4.917 2.02 1.88 413 26.3 405
13 270.72 48.85 48.6 49.02 49.7 49 49.034 4.9034 1.7 2.17 355.5 28 400
16 269.84 49.34 48.89 48.95 48.92 48.86 48.992 4.8992 2.42 2.1 437.4 27.3 395
21 268.49 49.74 47.89 48.61 49.28 48.17 48.738 4.8738 2.64 2.52 427.7 27.5 390
28 267.05 49.75 48.75 47.31 49.8 49.3 48.982 4.8982 2.68 2.55 365.9 25.9 385
30 264.09 48.69 48.72 48.38 49.74 49.06 48.918 4.8918 1.82 2.16 318.2 29.6 380
34 261.7 48.15 47.78 47.77 48.66 48.79 48.23 4.823 1.83 2.28 328.9 28 375
43 260.84 48.42 47.78 48.34 49.07 47.96 48.314 4.8314 1.87 2.72 250.3 28.7 370
60 257.11 48.59 48.48 47.98 49.56 49.29 48.78 4.878 1.99 2.82 381.5 29.5 365
75 254.74 48.02 47.91 48.54 48.42 48.53 48.284 4.8284 2.94 2.83 372.6 28.5 260
Diameter (mm)
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Acid Suplhuric Acid
Concentration (g/l) 50
Concentration % 5
Temp 30
Coating Sewpercoat (Partially Converted)
Average Dissolved Metals
Time (days) SSD Mass (g) 1 2 3 4 5 Diameter in cm Surface pH pH ORP (mV) Temp (oC) Volume (ml)
(saturated surface dry)
0 243 50.62 50.61 50.6 50.66 50.84 50.666 5.0666 7.86 0.48 409.2 22.5 300
0.125 242.36 50.56 50.46 50.63 50.65 50.52 50.564 5.0564 4.49 0.46 417.2 23.4 299
0.25 242.23 50.67 50.59 50.51 50.59 50.3 50.532 5.0532 3.3 0.49 408 22.7 298
1 242.59 50.53 50.55 50.53 50.51 50.53 50.53 5.053 4.08 0.54 431.5 22.1 297
4 244.26 50.63 50.56 50.65 50.62 50.6 50.612 5.0612 1.22 437.1 26 346
6 244.36 50.62 50.71 50.53 50.45 50.59 50.58 5.058 2.99 1.34 450.5 26.4 395
8 243.03 50.69 50.46 50.74 50.56 50.38 50.566 5.0566 1.74 0.93 444.9 26.3 200
12 242.98 50.42 50.54 50.63 50.72 50.43 50.548 5.0548 1.67 0.52 453.2 26.1 200
15 242.42 50.61 50.28 50.44 50.32 50.45 50.42 5.042 1.62 0.76 455.9 22.4 219
20 240.06 50.64 50.1 50.22 50.68 50.15 50.358 5.0358 1.55 1.42 456 22.1 266
22 233.69 49.68 50.44 50.57 49.63 50.14 50.092 5.0092 0.64 435.4 20.5 180
26 228.95 49.34 49.45 49.81 50.16 49.53 49.658 4.9658 0.79 0.23 455.6 24.8 227
29 226.32 49.64 50.07 49.48 49.75 49.46 49.68 4.968 1.21 0.41 451.4 21.8 254
33 223.21 49.14 49.48 49.5 49.17 49.1 49.278 4.9278 1.5 0.98 454.4 20.2 281
36 216.91 48.4 48.66 48.55 48.46 49 48.614 4.8614 0.49 435.2 21.7 180
42 211.97 48.41 48.53 48.37 48.19 48.37 48.374 4.8374 1.35 459.8 21.7 197
Diameter (mm)
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Acid Suplhuric Acid
Concentration (g/l) 50
Concentration % 5
Temp 30
Coating Sewpercoat + 5% Fly Ash
Average
Time (days) SSD Mass (g) 1 2 3 4 5 Diameter in cm Surface pH pH ORP (mV) Temp (oC) Volume (ml)
(saturated surface dry)
0 121.23 41.69 41.73 41.72 41.29 41.68 41.622 4.1622 9.35 1.14 187.7 21.3 299
0.020833333 120.99 41.33 41.23 41.24 41.85 41.59 41.448 4.1448 4.92 0.3 180.6 25.9 298
1 120.68 41.38 41.33 41.77 41.69 40.99 41.432 4.1432 1.09 0.79 173.1 27.7 297
4 121.44 41.4 41.19 41.13 41.37 41.92 41.402 4.1402 1.53 1.34 175.7 27.3 297
6 121.89 41.88 41.36 41.48 41.64 41.82 41.636 4.1636 1.92 1.52 139.9 26.7 298
8 121.84 41.6 41.22 41.93 42.07 42.31 41.826 4.1826 2.13 1.54 278.1 28.2 299.1
12 121.85 41.29 41.83 41.35 41.82 41.95 41.648 4.1648 1.97 1.76 364.1 28 301.4
18 119.38 41.43 40.98 41.16 41.59 41.46 41.324 4.1324 2.31 1.87 332.8 27.9 304.26
25 115.94 40.83 40.73 40.69 40.39 40.91 40.71 4.071 2.31 2.1 177.3 27.7 308.26
35 112.07 40.11 39.93 39.99 40.04 40.41 40.096 4.0096 2.56 2.35 185.7 28 313.66
46 108 38.27 39.91 39.41 39.35 40.3 39.448 3.9448 2.44 2.36 169.8 27.6 312.66
Diameter (mm)
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Acid Citric Acid
Concentration (g/l) 50
Concentration % 5
Temp 30
Coating Sewpercoat (Fully Converted)
Average
Time (days) SSD Mass (g) 1 2 3 4 5 Diameter Surface pH pH sol ORP (mV) Temp (oC) Volume (ml)
(saturated surface dry)
0 266.31 50.85 50.85 50.86 51.01 50.91 50.896 8.16 1.55 448 19.3 300
0.125 263.55 50.66 50.65 50.65 50.58 50.62 50.632 3.07 3.76 250 27.7 295
0.833333333 259.18 50.33 50.71 50.9 50.63 50.59 50.632 2.11 2.36 292.3 28.3 290
2 253.94 50.28 50.22 50.16 50.02 49.7 50.076 1.86 1.62 214.6 27.7 285
5 246.83 49.42 48.89 49.38 50.86 50.09 49.728 2 1.53 337 28.8 280
7 243.61 49.15 47.63 49.56 49.5 50.02 49.172 1.9 1.6 316.2 28.5 275
9 237.49 48.22 48.46 49.29 48.88 48.45 48.66 2.99 1.7 402.9 27 320
13 233.93 47.55 48.3 49.43 49.32 48.21 48.562 1.77 1.38 387.5 27.2 315
16 231.13 47.75 48.54 48.37 49.32 49.08 48.612 1.91 1.09 377.9 26.9 310
21 228.54 47.95 47.76 48.33 48.79 47.73 48.112 1.77 1.12 382 27.6 305
28 226.11 48.47 47.78 47.59 46.92 46.82 47.516 1.66 1.2 364.4 25 300
30 223.43 47.04 46.85 46.11 47.84 47.08 46.984 1.85 1.17 314.2 28.9 295
34 220.8 46.59 46.62 44.69 46.93 47.64 46.494 2.21 1.15 328.3 27 290
43 217.12 45.96 46.77 45.48 46.87 46.43 46.302 1.96 1.46 293 28.3 285
60 210.35 44.68 45.09 44.92 46.43 45.52 45.328 1.79 1.55 376.5 29.4 280
75 202.97 45.79 44.49 44.43 45.21 44.47 44.878 1.88 1.42 355.1 28.8 275
Diameter (mm)
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Acid Citric Acid
Concentration (g/l) 50
Concentration % 5
Temp 30
Coating Sewpercoat (Partially Converted)
Average
Time (days) SSD Mass (g) 1 2 3 4 5 Diameter Surface pH pH sol ORP (mV) Temp (oC) Volume (ml)
(saturated surface dry)
0 285.85 50.82 50.57 50.78 50.89 50.87 50.786 7.43 2.33 322.8 22.1 300
0.125 285.66 50.72 50.82 50.85 50.8 50.55 50.748 5.81 2.22 242.2 22.5 299
0.25 285.67 50.83 50.8 50.74 50.73 50.7 50.76 4.84 2.3 160.2 22.4 298
1 290.04 50.87 50.73 50.69 50.74 50.77 50.76 5.97 2.69 101.7 22 297
4 291.43 56.55 50.35 50.25 50.41 50.45 51.602 4.99 3.51 31.2 26.5 250
6 286.09 50.33 50.2 50.36 49.77 49.97 50.126 4.63 3.72 14.4 26.3 320
8 280.17 50.08 50.1 50.26 50.17 50.08 50.138 5.1 3.6 6.5 26.3 200
12 274.49 49.63 50.07 49.96 49.95 49.93 49.908 5.87 4.51 -19.1 26 150
15 270.8 49.45 49.01 49.33 49.04 49.01 49.168 4.42 3.4 7.2 22.2 197
20 267.12 49.14 49.28 49.56 49.13 49.05 49.232 5.74 5.92 19 22 250
22 260.53 49.34 48.7 48.94 48.84 48.83 48.93 3.17 39 20.3 150
26 255.37 49.18 48.42 48.32 48.83 48.87 48.724 4.19 3.16 41.3 24.3 247
29 249.73 47.92 48.28 48.17 48.14 47.87 48.076 4.01 3.38 17.4 21.5 200
33 244.18 47.69 48.15 47.57 47.18 47.61 47.64 4.19 3.03 50.9 19.9 297
36 239.96 47.15 46.68 47.7 47.21 47.13 47.174 3.76 30.3 21.5 150
42 234.43 46.82 47.18 46.6 46.02 46.63 46.65 3.79 42.6 21.4 227
Diameter (mm)
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Acid Citric Acid
Concentration (g/l) 50
Concentration % 5
Temp 30
Coating Sewpercoat + 5% Fly Ash
Average
Time (days) SSD Mass (g) 1 2 3 4 5 Diameter Surface pH pH sol ORP (mV) Temp (oC) Volume (ml)
(saturated surface dry)
0 118.95 41.11 41.73 41.1 41.54 41.31 41.358 9.94 1.73 189.9 21 299
0.020833333 118.31 41.12 41.1 41.13 41.76 40.51 41.124 5.83 1.84 189.2 26.6 298
0.208333333 117.12 40.97 40.87 40.83 40.76 41.05 40.896 3.29 2.13 241.4 28.4 297
3 112.31 41.3 41.22 41.15 41.83 40.59 41.218 2.61 2.76 229.8 28.4 296
5 109.91 40.25 40.55 41.19 40.95 40.9 40.768 1.88 1.86 173.4 28.4 295
7 107.11 40.14 40.06 39.65 40.55 40.53 40.186 2.17 1.85 327.7 27.8 294
12 103.99 38.97 40.1 40.3 40.99 39.82 40.036 1.82 1.89 220.6 28.3 293
18 99.75 40.69 40.02 39.87 40.39 40.62 40.318 1.85 1.79 374.3 28.2 292
25 95.23 40.18 39.79 39.66 40.26 38.73 39.724 2.04 1.94 195.9 28.4 291
35 89.75 38.47 37.69 37.83 38.55 38.55 38.218 1.74 1.72 88.8 26.8 290
46 84.35 37.78 38.34 37.35 37.35 38.75 37.914 2.05 1.87 150.7 27.7 289
Diameter (mm)
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ICP Datasheets 
 
CAC+5% FA Intensity ICP (mg/L)
Acid t(days) T(oC) Al Al Al
5% H2SO4 0 30 1620.17 0.2699 0.04372839
5% H2SO4 0.020833 30 15608 0.2699 0.42125992
5% H2SO4 1 30 104926 0.2699 2.83195274
5% H2SO4 4 30 200372 0.2699 5.40804028
5% H2SO4 6 30 230434 0.2699 6.21941366
5% H2SO4 8 30 278449 0.2699 7.51533851
5% H2SO4 12 30 236033 0.2699 6.37053067
5% H2SO4 18 30 306485 0.2699 8.27203015
5% H2SO4 25 30 435410 0.2699 11.7517159
5% H2SO4 35 30 123013 0.2699 3.32012087
5% H2SO4 46 30 474486 0.2699 12.8063771
ICP  Cal Slope
 
CAC + 5%FA Intensity ICP (mg/L)
Acid t(days) T(oC) Al Al Al
5% Citric Acid 0 30 2208.35 0.2699 0.05960337
5% Citric Acid 0.020833 30 8448.55 0.2699 0.22802636
5% Citric Acid 0.208333 30 16413.8 0.2699 0.44300846
5% Citric Acid 3 30 75982.4 0.2699 2.05076498
5% Citric Acid 5 30 191045 0.2699 5.15630455
5% Citric Acid 7 30 244885 0.2699 6.60944615
5% Citric Acid 12 30 208379 0.2699 5.62414921
5% Citric Acid 18 30 320571 0.2699 8.65221129
5% Citric Acid 25 30 460149 0.2699 12.4194215
5% Citric Acid 35 30 458175 0.2699 12.3661433
5% Citric Acid 46 30 533845 0.2699 14.4084766
ICP  Cal Slope
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Converted CAC Intensity ICP (mg/L)
Acid t(days) T(
o
C) Al Al Al
5% H2SO4 0.208 30 396874 0.2699 10.71162926
5% H2SO4 0.833 30 206701 0.2699 5.57885999
5% H2SO4 2 30 208570 0.2699 5.6293043
5% H2SO4 5 30 204031 0.2699 5.50679669
5% H2SO4 7 30 250165 0.2699 6.75195335
5% H2SO4 9 30 297788 0.2699 8.03729812
5% H2SO4 13 30 84181.6 0.2699 2.272061384
5% H2SO4 16 30 123485 0.2699 3.33286015
5% H2SO4 21 30 386018 0.2699 10.41862582
5% H2SO4 28 30 432125 0.2699 11.66305375
5% H2SO4 30 30 456896 0.2699 12.33162304
5% H2SO4 34 30 503926 0.2699 13.60096274
5% H2SO4 43 30 520000 0.2699 14.0348
5% H2SO4 60 30 577416 0.2699 15.58445784
5% H2SO4 75 30 671344 0.2699 18.11957456
ICP  Cal Slope
 
Converted CAC Intensity ICP (mg/L)
Acid t(days) T(
o
C) Al Al Al
5% Citric Acid 0.125 30 23343 0.2699 0.63002757
5% Citric Acid 0.833333 30 86179.2 0.2699 2.325976608
5% Citric Acid 2 30 122084 0.2699 3.29504716
5% Citric Acid 5 30 217826 0.2699 5.87912374
5% Citric Acid 7 30 241842 0.2699 6.52731558
5% Citric Acid 9 30 305197 0.2699 8.23726703
5% Citric Acid 13 30 232411 0.2699 6.27277289
5% Citric Acid 16 30 289553 0.2699 7.81503547
5% Citric Acid 21 30 268879 0.2699 7.25704421
5% Citric Acid 28 30 247336 0.2699 6.67559864
5% Citric Acid 30 30 313925 0.2699 8.47283575
5% Citric Acid 34 30 297115 0.2699 8.01913385
5% Citric Acid 43 30 384654 0.2699 10.38181146
5% Citric Acid 60 30 426829 0.2699 11.52011471
5% Citric Acid 75 30 700857 0.2699 18.91613043
ICP  Cal Slope
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Partially Conveted CAC
Acid t(days) T(
o
C) Al Al Al
5%H2SO4 0.125 30 71531.2 0.2699 1.930627088
5%H2SO4 4 30 279203 0.2699 7.53568897
5%H2SO4 8 30 225705 0.2699 6.09177795
5%H2SO4 12 30 274685 0.2699 7.41374815
5%H2SO4 15 30 271705 0.2699 7.33331795
5%H2SO4 26 30 233530 0.2699 6.3029747
5%H2SO4 29 30 247257 0.2699 6.67346643
5%H2SO4 33 30 256436 0.2699 6.92120764
5%H2SO4 36 30 189225 0.2699 5.10718275
5%H2SO4 42 30 287328 0.2699 7.75498272
ICP  Cal SlopeIntensity ICP (mg/L)
 
Partially Converted CAC
Acid t(days) T(
oC) Al Al Al
5% Citric 0 30 2643.9 0.2699 0.071358861
5% Citric 8 30 133239 0.2699 3.59612061
5% Citric 20 30 199091 0.2699 5.37346609
5% Citric 29 30 295001 0.2699 7.96207699
5% Citric 33 30 116896 0.2699 3.15502304
5% Citric 36 30 141238 0.2699 3.81201362
Intensity ICP  Cal Slope ICP (mg/L)
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TGA Datasheets 
CAC mortar, 21oC, 1 day, 98%RH 
Time (minutes) Weight (mg)  Temperature (C)
1 21.544746 52.49
2 21.528381 55.61
3 21.499095 62.72
4 21.454521 71.37
5 21.399179 80.67
6 21.335225 90.27
7 21.271485 100.15
8 21.21033 110.16
9 21.151328 120.21
10 21.091896 130.27
11 21.032463 140.34
12 20.967216 150.47
13 20.902616 160.69
14 20.848567 170.9
15 20.805715 181.11
16 20.7676 191.25
17 20.728625 201.27
18 20.689434 211.29
19 20.641199 221.33
20 20.591671 231.39
21 20.532669 241.48
22 20.462255 251.62
23 20.382365 261.79
24 20.29537 272.01
25 20.221725 282.29
26 20.174997 292.47
27 20.139898 302.59
28 20.113411 312.67
29 20.094031 322.76
30 20.07702 332.89
31 20.063453 343.07
32 20.052041 353.35
33 20.040628 363.68
34 20.03223 373.98
35 20.024693 384.23
36 20.01651 394.49
37 20.010481 404.8
38 20.004667 415.1
39 20.000575 425.34
40 19.995623 435.55  
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CAC Mortar, 30oC, in water, 1 day (or second day of curing) 
Time (minutes) Weight (mg)  Temperature (°C)
1 21.997812 53.35
2 22.00901 56
3 22.00621 62.9
4 21.996735 71.48
5 21.979293 80.75
6 21.946132 90.33
7 21.897681 100.18
8 21.828774 110.15
9 21.73984 120.16
10 21.64337 130.19
11 21.537209 140.24
12 21.423943 150.35
13 21.307231 160.56
14 21.2071 170.77
15 21.121397 181.01
16 21.047967 191.16
17 20.976691 201.18
18 20.900893 211.19
19 20.816697 221.22
20 20.725825 231.26
21 20.62311 241.35
22 20.499508 251.45
23 20.351142 261.58
24 20.184903 271.75
25 20.030722 281.98
26 19.924347 292.13
27 19.835198 302.19
28 19.771028 312.24
29 19.723223 322.33
30 19.683602 332.46
31 19.650009 342.68
32 19.619216 353.01
33 19.592299 363.37
34 19.568182 373.68
35 19.546864 383.93
36 19.528129 394.17
37 19.509826 404.46
38 19.492814 414.73
39 19.477526 424.96
40 19.462667 435.15  
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CAC Mortar, 30oC, in water, 7 days 
Time (minutes) Weight (mg)  Temperature (°C)
1 21.109984 53.25
2 21.099432 55.88
3 21.076176 62.77
4 21.029233 71.32
5 20.952789 80.57
6 20.861487 90.12
7 20.760064 99.96
8 20.654119 109.94
9 20.544513 119.99
10 20.435984 130.06
11 20.324655 140.15
12 20.202775 150.28
13 20.08068 160.5
14 19.980334 170.73
15 19.896784 180.98
16 19.821416 191.14
17 19.745834 201.17
18 19.665944 211.18
19 19.578949 221.22
20 19.482909 231.27
21 19.370934 241.35
22 19.23355 251.46
23 19.065158 261.6
24 18.875448 271.76
25 18.702533 281.99
26 18.581299 292.16
27 18.476862 302.22
28 18.410969 312.29
29 18.365318 322.4
30 18.327203 332.54
31 18.294257 342.73
32 18.265402 352.99
33 18.238916 363.3
34 18.215229 373.59
35 18.194772 383.83
36 18.176469 394.07
37 18.159026 404.37
38 18.1418 414.64
39 18.128233 424.87
40 18.112729 435.06  
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CAC Mortar, 30oC, in water, 28 days 
Time (minutes) Weight (mg)  Temperature (°C)
1 15.788613 53.24
2 15.780646 55.88
3 15.76105 62.76
4 15.725089 71.32
5 15.672978 80.57
6 15.609239 90.15
7 15.536886 100
8 15.460873 109.99
9 15.376461 120.03
10 15.288174 130.1
11 15.193426 140.18
12 15.090065 150.3
13 14.987135 160.52
14 14.894756 170.73
15 14.813359 180.96
16 14.741437 191.11
17 14.677913 201.14
18 14.613312 211.17
19 14.543328 221.21
20 14.468176 231.28
21 14.382688 241.37
22 14.279758 251.5
23 14.148618 261.64
24 13.994438 271.83
25 13.844134 282.05
26 13.721393 292.2
27 13.620185 302.26
28 13.543741 312.31
29 13.496582 322.42
30 13.460621 332.57
31 13.433274 342.77
32 13.409587 353.04
33 13.387838 363.36
34 13.369534 373.66
35 13.352738 383.91
36 13.336588 394.17
37 13.323453 404.47
38 13.310102 414.76
39 13.298904 425.01
40 13.288999 435.21  
 
  
 
 
 
 
 
 
197 
 
CAC Mortar, 100oC, in water, 2hours 
Time (minutes) Weight (mg)  Temperature (°C)
1 19.487462 52.6
2 19.476911 55.63
3 19.462483 62.7
4 19.439227 71.34
5 19.412095 80.65
6 19.380225 90.25
7 19.344264 100.13
8 19.302704 110.14
9 19.256192 120.19
10 19.208818 130.27
11 19.153692 140.34
12 19.095552 150.46
13 19.033535 160.68
14 18.983792 170.89
15 18.934696 181.1
16 18.888614 191.23
17 18.835426 201.24
18 18.77061 211.23
19 18.697827 221.25
20 18.615353 231.29
21 18.521252 241.38
22 18.397649 251.49
23 18.245838 261.63
24 18.069047 271.8
25 17.887089 282.03
26 17.726233 292.15
27 17.57313 302.18
28 17.444574 312.22
29 17.363824 322.33
30 17.315373 332.51
31 17.279627 342.74
32 17.25228 353.02
33 17.228162 363.33
34 17.20749 373.63
35 17.18854 383.89
36 17.172175 394.15
37 17.15624 404.46
38 17.142459 414.73
39 17.129108 424.98
40 17.11748 435.18  
 
  
 
 
 
 
 
 
198 
 
CAC + 5% Fly Ash, 100oC, in water, 2 hours 
Time (minutes) Weight (mg)  Temperature (C)
1 21.807886 53.37
2 21.8137 55.97
3 21.808532 62.84
4 21.792597 71.38
5 21.766972 80.63
6 21.73015 90.21
7 21.683422 100.06
8 21.623559 110.03
9 21.564126 120.06
10 21.496511 130.11
11 21.429111 140.16
12 21.352236 150.27
13 21.279022 160.48
14 21.21356 170.69
15 21.15219 180.9
16 21.088235 191.03
17 21.01739 201.03
18 20.932117 211.02
19 20.839523 221.03
20 20.733577 231.07
21 20.611482 241.15
22 20.458809 251.26
23 20.268022 261.4
24 20.03546 271.55
25 19.752724 281.74
26 19.458145 291.8
27 19.189191 301.8
28 18.903656 311.84
29 18.646761 321.93
30 18.468679 332.14
31 18.36338 342.45
32 18.292965 352.83
33 18.239562 363.2
34 18.196925 373.54
35 18.158596 383.81
36 18.127587 394.08
37 18.099809 404.39
38 18.0716 414.67
39 18.046406 424.91
40 18.02358 435.12  
  
 
 
 
 
 
 
199 
 
CAC + 25% Fly Ash, 100oC, in water, 2 hours 
Time (minutes) Weight (mg)  Temperature (C)
1 20.608683 53.24
2 20.605668 55.87
3 20.589087 62.75
4 20.558725 71.3
5 20.518027 80.56
6 20.469576 90.13
7 20.411651 99.99
8 20.34059 109.96
9 20.259624 120
10 20.175213 130.05
11 20.092524 140.13
12 19.997776 150.26
13 19.901736 160.47
14 19.81388 170.68
15 19.739373 180.91
16 19.66982 191.06
17 19.597252 201.08
18 19.510687 211.09
19 19.411418 221.11
20 19.30418 231.16
21 19.187899 241.25
22 19.043409 251.38
23 18.863173 261.52
24 18.638794 271.69
25 18.364887 281.87
26 18.13577 291.96
27 17.920004 302.01
28 17.687226 312.03
29 17.515389 322.13
30 17.410736 332.35
31 17.34269 342.63
32 17.292086 352.95
33 17.252679 363.32
34 17.218226 373.64
35 17.188079 383.92
36 17.160731 394.19
37 17.136829 404.52
38 17.113573 414.82
39 17.093977 425.08
40 17.073735 435.31  
